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ABSTRACT
RADIO OBSERVATIONS OF SEVERAL INTERSTELLAR MOLECULES
FEBRUARY 1990
YOUNG CHOL MINH
B.S., M.S., SEOUL NATIONAL UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by Professor William M. Irvine
We present observations of rotational transitions for several
interstellar molecules whose formation may be related to grain
processes and discuss their implications for interstellar chemistry
Interstellar hydrogen sulfide has been observed at fractional
abundances f(H S) ~ 10 ^ relative to H towards cold, dark clouds,
2 2 ' '
while its abundance is enhanced by a factor of 1000 in the Orion ho
core and the plateau. H^S may be evaporating from the grain
mantles in the hot core, and even in the cold, dark clouds, grain
surface reactions may be responsible for the gas -phase H^S
abundances. We also derive an upper limit for the HDS abundance
[HDS]/[H^S] < 6 X lO'"* in the Orion hot core.
H CS ortho- to-para ratios have been observed to be ~ 1.8
2
towards TMC-1, which may suggest that H^CS is in equilibrium with
the expected grain temperaure (10 K) and gas -grain exchanges are
taking place effectively in cold, dark clouds. We derive a ratio
of ~ 3, the statistical value, for Orion(3NlE) and NGC7538, and ~ 2
for Orion(KL)
.
vi
We derive upper limits of the ethyl cyanide column densities of
~ 3 X lo'' cm-' towards TMC-1 and L134N. Together with the
detection for vinyl cyanide, there may be no necessity of invoking
grain surface synthesis for these highly saturated species in cold
clouds, but the desorption processes seem to be quite inefficient
for these heavy molecules.
Finally, we have surveyed HOCO^ as a tracer of interstellar CO
2
towards many galactic sources, and derive fCHOCO"^) ~ lO'^- lO'^ in
the Galactic center and < lO"^" for cold dark clouds. The observed
abundance of HOCO^ in the Galactic center is ~ 3 and ~ 1 orders of
magnitude larger than that predicted by ion-molecule chemistry and
shock chemistry, respectively. UV photolysis of grain mantles may
produce CO^ efficiently, resulting in a large abundance of HOCO^ in
the Galactic center.
Interstellar grains are thought to play crucial roles in the
chemistry of interstellar molecular clouds, and our results give
some constraints on the highly uncertain grain processes, as well as
on the gas phase processes.
vii
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CHAPTER 1
INTRODUCTION
1 . 1 Overview
Interstellar molecules have been used as important probes of
the physical and chemical conditions of various types of objects in
the universe since the first detection of diatomic radicals and ions
in the 1930' s and 40' s. The molecules in the interstellar medium
(ISM) are indeed more than probes; they "provide cooling and heating
pathways which govern cloud evolution, including the enhancement or
supression of instabilities leading toward clump formation,
fragmentation, and ultimately the formation of protostars" (Irvine,
Goldsmith, and Hjalmarson 1987). Thus, the evolution of a cloud
depends on its chemical conditions as well as on its physical
conditions
.
Molecular hydrogen, the most abundant and important species in
interstellar space, is believed to form on grain surfaces
(Hollenbach and Salpeter 1971) . The relative contribution of
grains to the trace composition of the gas-phase is largely unknown,
however. This thesis began as an effort to clarify this issue.
The effects of grains are expected to increase with density.
Interstellar grains may act as a sink for gas-phase molecules and
may also be involved in producing many molecules by surface
1
catalytic reactions, UV photolysis of grain mantles, evaporation of
grain mantles, or disruption by shocks. Details of these processes
are, however, currently quite uncertain. Even the questions of
grain composition and where and how they form are still
controversal. Interstellar grains, including materials such as
silicates, graphite, polycyclic aromatic hydrocarbons (PAHs)
, and
amorphous carbon, are believed to form in the outflows of the
late- type giants or planetary nebulae. Interstellar grains have
been observed to have icy mantles or organic refractory components,
probably on top of silicate or graphite cores. Grain surface
chemistry to produce "dirty ice" mantles had been suggested as early
as 1949 by van de Hulst and later considered in detail by Watson and
Salpeter (1972). Surface chemistry involving purely thermodynamic
driving forces for grain surface reactions has been considered by
Allen and Robinson (1975, 1977). The icy mantles, which form by
accretion and reaction of gas-phase species, seem to be ubiquitous
in all dense clouds, while the organic refractories have been
observed only toward diffuse clouds and the Galactic center (Tielens
and Allamandola 1987, and Irvine and Knacke 1989 and references
therein)
.
Recent observations increasingly show that gas and dust can be
coupled quite closely. For example, enhanced abundances of
oxygen- containing molecules in the Orion compact ridge probably
result from H^O released from grain mantles by the interaction
between an outflow and the ambient material (Blake et al
. 1987), and
2
NH^ and H^O in the Orion hot core are thought to evaporate from
grain mantles (Walmsley 1987; Plambeck and Wright 1987). in
addition, IR observations towards highly obscured sources have
identified several grain mantle components, such as NH HO and CO
3 2
'
(Knacke et al
.
1982; Tielens et al. 1984; Lacy et al
. 1984), that
are also present in the gas phase. Recently d'Hendecourt and
Muizon (1989) claimed a detection of interstellar carbon dioxide
toward three protostars.
Several models have been constructed for the molecular
composition of accreting grain mantles (Tielens and Hagen 1982;
d'Hendecourt, Allamandola, and Greenberg 1985). One of the most
uncertain processes related to grain chemistry is the desorption
mechanism. The accretion time scale of the gas -phase species onto
the grain (~ 3x10 yr for n ~ 10 cm" ) is supposed to be short
relative to both probable molecular cloud lifetimes (~ lO'' yr) and
some of the time scales of the gas-phase chemistry (~ 10^ yr)
.
Therefore, there must be an efficient desorption mechanism to
preserve a gas phase ISM in general (Winnewisser and Herbst 1987).
In star-forming regions, desorption may occur easily by interstellar
shocks, or by an enhanced UV field, which can disrupt grains or
evaporate grain mantles (Dopita 1977; Drain and Salpeter 1979). On
the other hand, in the quiescent clouds, desorption may be quite
inefficient, but might occur as a result of, for example, heat
dissipation of surface reactions, heating via grain-grain
3
collisions, heavy nuclei cosmic ray bombardment, or X-rays (Leger.
Jura, and Omont 1985).
Although interstellar grains have been thought to play
important roles in chemical processes in molecular clouds, it is
rather difficult to determine observationally that grains are
actually involved in producing species other than the hydrogen
molecule, and there have been very few radio observations which
support grain processes. In this thesis we have studied several
molecules whose chemistry may be related to grain processes. We
present the observational results for interstellar hydrogen sulfide
(H S), thioformaldehyde (H CS)
,
ethyl cyanide (CH CH CN) and
^ 2 3 2
protonated carbon dioxide (HOCO^)
,
and discuss implications for
interstellar chemistry. Each chapter has a format as an individual
paper to be published separately: Chapter 2: Minh, Y. C, Irvine, W.
M., and Ziurys
,
L. M. (1989), Ap . J. (Letters), 345, L63; Chapter 3:
Minh, Y. C, Ziurys, L. M.
,
Irvine, W. M.
,
and McGonagle , D. (1989),
in preparation; Chapter 4: Minh, Y. C, Irvine, W. M.
,
McGonagle,
D., and Ziurys, L. M. (1989), in preparation; Chapter 5: Minh, Y.
C, Irvine, W. M.
,
and Brewer, M. K. (1989), in preparation; Chapter
6: Minh, Y. C. and Irvine, W. M. (1989), in preparation; Chapter 7:
Minh, Y. C, Irvine, W. M.
,
and Ziurys, L. M. (1988), Ap . J., 334,
175; Chapter 8: Minh, Y. C, Brewer, M. K.
,
Irvine, W. M.
,
Friberg,
P., and Johansson, L. E. B. (1989), in preparation. Finally in
Chapter 9, we summarize our conclusions. The Appendices include
the results for statistical equilibrium and LVG model calculations
4
for H^CS and HOCO" in Appendix A, and abundances of several
molecules observed towards the Sgr A molecular cloud complex in
Appendix B.
1 . 2 Observed Molecules
1.2.1 Hydrogen sulfide
Interstellar hydrogen sulfide (H^S) has been suggested as a
tracer of high- temperature chemistry and/or grain surface chemistry
because crucial gas-phase reactions leading to the formation of H S
2
are thought to be appreciably endothermic (Watson and Walmsley 1982;
Duley, Millar, and Williams 1980). H^S was first observed in the
ISM by Thaddeus eC al
.
(1972) in its 1^^ - 1^^ transition at 169 GHz
toward several CMC's, but there have been very few published
observations of H^S
,
at least in part because of the lack of
receivers to study the 2 mm region. We have carried out a survey
of H^S at 169 CHz using a new FCRAO 2 mm receiver and present the
results in Chapters 2 to 4.
1.2.2 Thioformaldehvde
The ortho/para ratio for molecules which exhibit the
appropriate symmetry may be an indicator of dust grain temperatures
and dust- gas exchange of material, especially in cold, dark clouds.
5
However, molecular hydrogen, which has no electric dipole moment, is
hard to observe in dense molecular clouds with kinetic temperatures
of 10 - 100 K, and formaldehyde (H^CO) lines are observed to be very
optically thick (Kahane et al
. 1984). H^CS may be a good candidate
to study the ortho-to-para ratio, since the optical depths for the
H^CS lines seem to be much less than those of H^CO (Irvine et al
.
1989). In Chapter 5, we discuss the abundances and ortho-to-para
ratios for H^CS observed towards several interstellar clouds.
1.2.3 Ethyl cyanide
Ion-molecule reactions leading to the formation of ethyl
cyanide are highly endothermic and proceed quite slowly (Herbst,
Adams, and Smith 1983). Heavily saturated molecules such as ethyl
cyanide and vinyl cyanide have been suggested to form on grains,
since hydrogenation may proceed efficiently on grain surfaces
(Irvine and Hjalmarson 1984; Blake et al
. 1987). We have searched
for ethyl cyanide toward TMC-1 in its 2 - 1 transition at 18 GHz
02 01
and present the result in Chapter 6.
1.2.4 Protonated carbon dioxide
The HOCO^ molecule, the protonated form of CO
,
has been
2
suggested as a tracer of interstellar CO^, which is conceivably an
important carbon and oxygen reservoir, but has no electric dipole
6
_s
2
lence
moment (Herbst et al
.
1977). The major formation route for CO i
a neutral
-neutral reaction, CO + OH
, which is endothermic and h
only effective in shocks or high temperature regions. Another
possible pathway for the formation of CO^ is grain surface
reactions. We present our observational results towards many
Galactic molecular clouds in Chapters 7 and 8 , and discuss chemical
implications
.
1 . 3 Sources
Observations have been made towards dense molecular clouds,
including cold, dark clouds, star-forming regions in the Galactic
disk, and also the Galactic center. We have focused the
obsevations on a few well known sources: TMC-1/L134N (Chapters 2, 5,
and 6), Orion(KL) (Chapters 3 and 5), and the Galactic center clouds
(Sgr B2 and Sgr A; Chapters 7 and 8), while we also include the
results for an H^S survey towards galactic star- forming regions
(Chapter 4) and for the extensive search for HOCO^ (Chapter 7).
The morphology and chemistry of TMC-1/L134N, Orion(KL) , and Sgr
B2 have been reviewed in detail by Irvine, Goldsmith, and Hjalmarson
(1987)
.
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1.3.1 TMC-1 and L134N
The cold, dark clouds TMC-1 and L134N are located at a distance
- 150 pc and are well studied low mass molecular clouds which lack
embedded high- luminosity sources. The kinetic temperature (~ 10 K)
and density (~ lo' cm"^) appear very similar for TMC-1 and L134N,
but they have some interesting chemical differences. Carbon-rich
species and CS and HCS* are more prominant in TMC-1 than in L134N,
while some molecular species, including NH^ and such relatively
oxygen- rich molecules as SO, SO^, and HCOOH
, are more abundant in
L134N (Irvine et al
.
1987; Irvine, Good, and Schloerb 1983). It
has been suggested that these variations may result from, for
example, different initial elemental abundances or from differing
cloud ages (Irvine, Goldsmith, and Hjalmarson 1987).
1.3.2 Orion(KL)
The Orion A molecular cloud (OMC-1), where massive
star-formation is taking place, is located at a distance ~ 500 pc
.
Orion(KL)
,
the central core of OMC-1, demonstrates a complex
morphology and chemistry (e.g. Plambeck et al
. 1982; Vogel et al.
1984; Blake et al
. 1987). It contains at least four main
components which have distinctive spatial and spectral
distributions: the "extended ridge", the "plateau", the "hot core",
and the "compact ridge". The extended ridge is a quiescent
8
component (T^^^
~ 50 - 60 K)
,
which is. for example, easily visible
in the CS and H^CO emission, and the molecular processes are
probably dominated by ion-molecule chemistry. The emission from
the plateau component shows evidence of the energetic outflow driven
by the highly luminous IRc 2. Sulfur and silicon containing
species are prominent, and shock chemistry dominates molecular
processes in the plateau (T^,^ . 100 - 200 K)
. The hot core is a
massive clump which is probably a leftover from the formation of IRc
2, whose radiative heating probably induces kinetic temperatures of
the hot core to be ~ 300 K. HCN. HDO. NH^
. and the heavily
hydrogenated molecules CH^CHCN and CH^CH^CN are very prominant,
which suggests active gas-grain interactions and grain mantle
evaporation. An additional recognizable component is the compact
ridge (often referred to as the southern condensation; T ~ 100 -
kin
150 K) in which large, oxygen-rich molecules are prominent. The
compact ridge represents an area where outflow from IRc 2 is thought
to be interacting with the quiescent ambient material.
1.3.3 Galactic center clouds
The Sgr B2 molecular cloud is located at a distance ~ 120 - 300
pc from the Galactic center and represents an extreme case of high
luminosity star- formation taking place in a very massive giant
molecular cloud. A core of 5 - 10 pc diameter contains an
extremely rich variety of molecular species. The OH and H 0 masers
9
are grouped into three condensations: north (N)
,
middle (M)
. and
south (S), each separated by approximately 45 arcseconds in
declination. A study of a number of different species shows
different distributions; for example, SO strongly peaks at Sgr
B2(M), while OCS does at Sgr B2(N) (Goldsmith et al. 1987).
Because of the large distance and the activities of the Galactic
center, however, it is very difficult to disentangle the effects of
abundance variations and excitation differences.
The Sgr A molecular complex, situated ~ 100 - 200 pc from the
Galactic center, is composed of several condensations of masses
greater than 10^ M^, which appear to be related, but the geometry
and dynamics are still controversal (Brown and Liszt 1984). The
molecular abundances and chemistry of the Sgr A region, however,
have not been as well characterized as those of Sgr B2
. The total
column density toward Sgr A is about a factor of 10 less than that
of Sgr B2.
10
CHAPTER 2
DETECTION OF INTERSTELLAR HYDROGEN SULFIDE IN COLD, DARK CLOUDS
2 . 1 Summary
We have detected interstellar hydrogen sulfide (H^S) towards
the cold, dark clouds L134N and TMC-1. We derive total column
densities of ~ 2.6 x lO^^cm"^ and ~ 7 . 0 x 10^^ cm"^ at the SO peak
of L134N and at the NH^ peak of TMC-1, respectively. Since the
expected gas phase reactions leading to the formation of H S are
2
thought to be endothermic, grain surface reactions may play a major
role in the synthesis of this species in cold, dark clouds. If the
carbon abundance is high and grain surface reactions are the
dominant formation route, H^CS would be expected to form instead of
H S
,
and the abundances of H CS have been observed to be high where
2 2 °
those of H S are low in L134N and TMC-1.
2 . 2 Introduction
Gas phase ion-molecule reactions have not been very successful
in explaining the observed abundances of sulfur-bearing molecules in
the interstellar medium, because the initiating reactions of S^ or S
with H are both endothermic (Watson and Walmsley 1982; Smith and
2
Adams 1985). Some species, such as H S, SO, and SO , are observed
11
to be overabundant in massive
-star
-forming regions relative to
predictions, an effect which has been ascribed to the widespread
occurrence of shocks or other high temperature processes (Hartquist,
Oppenheimer, and Dalgarno 1980; Prasad et al
. 1987). In addition,
high abuodances of sulfur
-bearing molecules such as HCS^, H CS C S2*2'
and C^S have been reported in cold, dark clouds (Irvine, Good, and
Schloerb 1983; Irvine et al
. 1989; Saito et al . 1987; Yamamoto at
al. 1987), where high temperature reactions should not be important.
In fact, the C^S and C^S abundances in TMC-1 are vastly greater than
those of the oxygen analogs C^O and C^O, showing that there are
considerable differences between oxygen and sulfur chemistry in cold
clouds. Unlike oxygen chemistry, which is thought to be dominated
by gas -phase reactions, sulfur chemistry may be dominated by grain
surface reactions (e.g. Millar 1982), at least for chemically
reduced species. For example, sulfur is expected to react with
atomic hydrogen on grain surfaces easily and thereby form the
volatile hydride H^S (Helens and Alamandola 1987).
H S was first observed in the ISM via the lowest frequency (1
2 ^ ^ 10
- 1^^) transition by Thaddeus et al . (1972), who obtained column
\h -2densities ~ 10 cm toward several CMC's. The 2 - 2
20 11
transition at 217 GHz was detected during the OVRO spectral survey
of Orion A (Sutton et al . 1985), but, to our knowledge, there have
been no other published observations of H^S in the ISM, at least in
part because of the lack of receivers to study the 2 mm region.
Using a new FCRAO receiver (Ziurys, Erickson, and Grosslein 1988) to
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observe the 1^^ - 1^^ transition which occurs near 169 GHz, we have
made a survey of H^S toward many well known star-forming regions and
cold, dark clouds. The results for active star-forming regions
will be published elsewhere (Minh et al . 1989). In this Chapter,
we report the first detection of H^S in cold, dark clouds, and
comment on the implications for chemical models.
2 . 3 Observations
Observations of the lowest frequency transition of H S ( 1
2 10
'"oi
^ 168.762762373 GHz; Cupp
,
Kempf, and Gallagher 1968) were
made using the FCRAO 14 m telescope between 1989 January and March.
The receiver employed a cooled Schottky diode mixer, which gave
total system temperatures, corrected to outside the atmosphere, of
700 - 1000 K. Data were taken by position switching 20 arcminutes
in azimuth, and spectra were obtained using a 256 -channel filter
bank with 100 kHz resolution. The FWHM beamwidth at 169 GHz is 35
arcsec and the antenna main beam efficiency ri =0.25. The
B
A
temperature scale is given as T
,
the beam-chopper-corrected antenna
A
temperature. We then approximate the radiation temperature T by
R
A
the main beam brightness temperature T = T /n .
*^ ^ MB A B
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2.4 Results
The observed line parameters are given in Table 2.1, and
spectra observed towards L134N and TMC-1 are shown in Figures 2.1a
and b, respectively.
H^S is an asymmetric top, which, because of its two hydrogen
spins, possesses both ortho and para species. The 1 - 1
10 01
transition is the lowest line in the ortho ladder (e.g. see Thaddeus
et al. 1972, for an energy level diagram). Therefore, to derive
the H^S abundance, the column density was calculated for the ortho
levels only, and then extrapolated to a total column density
assuming an ortho - to -para ratio. To estimate the ortho species
population, the column density in the upper level of the 1 - 1
10 01
transition was calculated under the optically thin assumption and
considering the effect of cosmic background radiation, using the
following formula (cf. Irvine, Goldsmith, and Hjalmarson 1987):
N
1.94 X 10^ 1/^ [GHz] Jx^dV [K km s"^]
A [s''] [1 - J (T )/J (T )]b g 1/ ex
In this expression >J^(T) = (hi//k) [ exp (hi//kT) - 1 ] ^, A is the Einstein
A-coefficient , which for the HS 1 - 1 transition equals 2.65 x
2 10 01
10 ^ s ^, and u is the frequency of the transition, while T^^ is the
2.7 K cosmic background temperature and T the excitation
temperature of the line involved. Although the H^S emission was
14
TABLE 2.1
Summary of Hydrogen Sulfide Observations
Source
*
T
A
V
LSR
AV T*dV
J A
N
tot
(K) (km s ") (km s ^
)
(K km s' ) .
-2
\cm )
L134N 0 131.03" 2.16 0.71 0.09 7.8(12)^
L134N(SO) 0 40±.07" 2 . 33 0 74 U . jU 2 . 6(13)
L134N(0,
-2) < o.is'^ < 9.5(12)''
L134N(-2.3,2) < 0.21^ < 1.3(13)"^
TMC-1 < 0.09^ < 4.7(12)^
TMC-1(NH )
3
0 17±.03" 5.73 0.50 0.08 7.0(12)
1 a uncertainty.
^ 3 (7 upper limit.
A(B) signifies A x 10
.
AV = 0.7 km s ^ was assumed.
e -
1
AV = 0.5 km s was assumed.
Positions : L134N: RA(1950)= 15^5l'"30!o, Dec(1950)=
-2°43'3l";
L134N(S0): RA(1950)= 15^5l'"26!0, Dec(1950)= -2°43'3l"; L134N(0,-2):
RA(1950)= 15^5l'"22!0, Dec(1950)= -2°43'3l"; L134N( - 2 . 3
, 2 ) :
RA(1950)= 15^5l'"20!8, Dec(1950)= -2°4l'3l"; TMC-1: RA(1950) =
4''38"'38!6, Dec(1950)= 25°35'45"; TMC-l(NH^): RA(1950)= 4^38'"22!o,
Dec(1950)= 25°4l'45
"
.
15
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observed to vary in intensity on an angular scale of an arcmin, it
was at least somewhat extended relative to our 35" beam, making the
use of T = T appropriate.
R MB ^
The total ortho column density was then derived from N by
u
summing over the partition function, assuming a rotational
temperature of T^^^ = T^^ = 5 K for L134N and TMC-1. Excitation
temperatures of about 5 K have been found by Swade (1987) in L134N
for several molecules whose fundamental transitions have
A-coefficients similar to that for the 1 - 1 H S line The
10 01 2
partition function for the ortho states was calculated by an
explicit summation, using the energy levels given by Helminger, De
Lucia, and Kirchoff (1973). As it turns out, for a rotational
temperature of 5 K almost all the population for ortho-H S is
2
contained in the lowest two levels; i.e., 1 and 1
10 01
Using this assumptions, a column density of ~ 2 x 10^'^ cm'^ was
derived for the ortho species of H^S at the SO peak position in
L134N, which implies a total column density for HSofN ~26x
2 tot
13 -2
10 cm
,
assuming an ortho- to-para ratio 3 : 1 (see the last
column of Table 2.1 for N at other observed positions). The
tot
ortho- to-para ratio, however, is uncertain. For example, a value
of 2 : 1 was found for this ratio for formaldehyde in dark clouds by
Kahane et al. (1984), who ascribe this deviation from a ratio of 3 :
1 to ortho/para equilibration on grains at a temperature ~ 10 K.
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Even if the ratio were as low as 1 : 1 for H^S
, the total column
density given here would be underestimated by less than a factor of
2.
A column density of ~ 2.6 x 10^' cm"' for H^S translates into a
fractional abundance of ~ 3 x lO"' at the SO peak of L134N. assuming
N(H^)
~ 8.2 X 10^' cm ^ at the same position (Swade 1987; assuming
N(C%)/N(Hp
- 1.7 X 10'^). For TMC-1 we find for the same
assumptions f(H^S) < 5 x 10''° at the cyanopolyyne peak and f ~ 7 x
10 '° at the NH^ maximum, taking N(Hp = 10^^ cm"' at both positions
(Irvine et al
.
1987; Friberg and Hjalmarson 1989).
2.5 Discussion
Our detections of hydrogen sulfide in cold, dark clouds are
quite interesting, because the most significant gas phase reactions
to produce H^S are appreciably endothermic; consequently, the
presence of H^S has been regarded as an indicator of either shock
chemistry or grain surface chemistry (Watson and Walmsley 1982;
Smith and Adams 1985; Duley, Millar, and Williams 1980). Since
there are no known embedded heating sources in the clouds observed,
high temperature chemistry and shock chemistry are presumably
unimportant in these regions.
The ion-molecule reactions related to hydrogen sulfide have not
been well studied in the laboratory. The radiative association
reaction between HS^ and has been employed by chemical modelers
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as a principal formation route in dense clouds (cf. Herbst, DeFrees,
and Koch 1989). but the predicted H^S abundance is less than that
observed at the SO peak of L134N by a factor of 10 - 100 for the
models which match the observed abundances of other species (Herbst
and Leung 1986; Leung, Herbst, and Huebner 1984). However, given
the lack of experimental data, particularly at temperatures ~ 10 K
appropriate to dark clouds, ion-molecule reactions cannot be ruled
out entirely as a source of H^S
. Other routes that lead to the
production of H^S
.
for example the reaction between and H CO
2
(Prasad and Huntress 1982), should be studied further.
Nonetheless, grain surface reactions may be a more promising
pathway to explain the observed H^S abundance. It has been suggested
that such reactions may greatly alter the abundances of gas phase
molecules, especially for sulfur- and nitrogen-bearing species (e.g.
Tielens and Allamandola 1987). If sulfur has been depleted onto
grains in a dense region, ions like or H^ are likely to find SH
or S sites on the grain surfaces, which may lead to the formation
of H^CS or H^S, respectively (Duley, Millar, and Williams 1980).
H^S has been identified tentatively in the grain mantles toward the
compact radio source W33A (Geballe eC al
. 1986). H^S is relatively
volatile and might be easily desorbed in processes such as those
described by Greenberg ec al. (e.g. 1980).
Our failure to detect H^S towards the cyanopolyyne peak of
TMC-1 is of significant chemical interest in this regard. TMC-1
consists of an elongated series of condensations in Taurus; the
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cyanopolyyne peak position has the highest column densities among
dark clouds for many molecular species, including particularly many
chemically unsaturated organic molecules such as the cyanopolyynes
(HC^^CN, n = 0 5), the hydrocarbon radicals C H (n = 1
n
, . . .
,
6), the rings C^H^ and c-C^H. and methylated carbon chains (e.g.
Irvine et al
.
1987; Guelin and Cernicharo 1989). In fact, TMC-1
has become a standard source for comparison of observational results
with those of models of ion-molecule chemistry (e.g. Millar and
Nejad 1985). Nontheless, it has been previously pointed out that
some molecular species, including NH^ and such relatively
oxygen- rich molecules as SO, SO^, and HCOOH, are more abundant in
L134N than in TMC-1 (Irvine et al
. 1987; Irvine, Good, and Schloerb
1983). It has been suggested that these variations might reflect
differences in the gas phase carbon/oxygen ratio between these
clouds. Compared to L134N, TMC-1 at the cyanopolyyne peak has a
H^CS abundance ~ 5 times larger than that found in L134N (Irvine eC
al. 1989) and a H^S abundance at least ~ 4 times less (see Table
2.1). A higher carbon abundance in TMC-1 versus L134N may lead to
the formation of H CS instead of H S , as well as to the abundant
^ 2
carbon-chain molecules in TMC-1. Indeed, observations of H CS in
2
these two cold clouds indicate an anti-correlation between H S and
2
H^CS (Minh and Irvine 1989).
The question also arises as to whether the chemical differences
between TMC-1 and L134N may be partly mirrored by chemical gradients
within each of these clouds. A gradient in the NH /cyanopolyyne
21
abundance seems to be well established in TMC-1 (e.g. Olano,
Walmsley, and Wilson 1988). where we detect H^S only towards the NH^
maximum. Swade (1987; 1989) has shown that the location of peak
^
column density of SO and SO^ in L134N differs from the position of
maximum intensity for C^H^, HCO^ and the cyanopolyynes
, and has
speculated that this may be a result of differential depletion of
oxygen relative to carbon in the latter region. Such an effect
could result from the differing volatility of H 0 and CH (cf
. Blake
2 4
et al. 1987). Note that the fractional abundance of H S which we
2
determine in L134N appears to correlate with SO and SO rather that
With either NH^ or C^H^ and the cyanopolyynes. Clearly more data
is needed on the relative distribution of these species in cold
clouds
.
22
CHAPTER 3
OBSERVATIONS OF H^S TOWARDS OMC-1
3 . 1 Summary
Interstellar hydrogen sulfide (H^S) and its isotopic variant
(H^ S) have been observed toward several positions in OMC-1 via
their 1^^ - 1^^ transitions near 168 GHz. We derive total column
densities towards Orion(KL) of ~ 2 x lo'' cm"' for the Orion
extended ridge, ~ lo'' cm"' for the plateau, and ~ lo'' cm"' for the
compact ridge, in addition to values for other positions in OMC-1.
The fractional abundance of H^S ~ lO"^ in the quiescent regions of
OMC-1, as well as in cold dark clouds (Minh, Irvine, and Ziurys
1989), seems to be difficult to explain by currently known
ion-molecule reactions. The fractional abundance of H S relative
2
to H^ is enhanced by a further factor of 1000 in the hot core and
the plateau (to ~ 10 ^) relative to the quiescent clouds. We
suggest that H^S in the hot core may be evaporating from grain
mantles, while H^S in the plateau may result from either
high- temperature gas phase chemistry or grain surface chemistry.
From the non-detection of HDS in its 2 - 2 transition we
11 12
estimate the abundance ratio [HDS]/[H^S] < 5 x lO'^ in the hot core
by assuming the same excitation conditions and emission regions for
both species.
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3 . 2 Introdur.r i r»n
The abundances of most interstellar molecules can be reproduced
via gas
-phase ion-molecule reactions which usually have no
activation energy barriers and are simple two body processes.
Gas
-phase ion-molecule reactions, however, have not been very
successful in explaining the observed abundances of some sulfur-
bearing molecules in the interstellar medium. Species such as SO
and SO^ appear to be unusually abundant in clouds where high mass
star- formation is occuring, accompanied by shock waves and high
temperatures. Such observations have led to the suggestion that
"shock" or "high temperature" chemistry, i.e. chemistry involving
gas -phase reactions with activation energies, may be taking place in
hot regions and subsequently producing these species (e.g.
Hartquist, Oppenheimer, and Dargarno 1980),
Along with elevated temperatures, shocks can also cause the
partial or complete destruction of dust grains. Such grain
destruction could also contribute to the formation of many of these
so-called "high temperature" molecules, since they often contain
refractory elements. Also, the UV radiation field from the newly
formed massive stars can evaporate grain mantles and consequently
release molecules into the gas phase. It is, however, often very
difficult to differentiate between gas -phase reactions and grain
related processes in the formation of interstellar molecules in
shocked regions
.
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as a
Interstellar hydrogen sulfide (H^S) has been suggested
tracer of high- temperature chemistry and/or grain surface chemistry
because crucial gas phase reactions leading to the formation of H S
2
are thought to be appreciably endothermic (Watson and Walmsley 1982;
Smith and Adams 1985; Duley, Millar, and Williams 1980). H S was
2
first observed in the ISM via the lowest frequency ortho transition
^^0 ' Thaddeus et ai
.
(1972), who obtained column densities
~
lo'' cm"' toward several CMC's. This transition has recently
been detected towards the cold, dark clouds L134N and TMC-1 as well
(Minh, Irvine, and Ziurys 1989; Paper 1), where high temperature
processes should not be important. Although ion-molecule reactions
cannot be ruled out entirely as a source of H^S
,
grain surface
reactions may be a more promising pathway to explain the observed
abundance in cold, dark clouds (Paper 1). H^S has also been
identified tentatively in the grain mantles toward the compact radio
source W33A (Geballe eC al . 1986).
The Orion A molecular cloud (OMC-1), where massive star-
formation is taking place, is about 500 pc from the sun, and is one
of the most extensively studied sources in the sky. The central
core, known as Orion(KL)
, demonstrates a complex morphology (e.g.
Plambeck et al. 1982; Vogel et al. 1984) and chemistry (e.g. Blake
et al
.
1987). It contains at least three main components which
have distinctive spatial and spectral distributions: the "extended
ridge", the "hot core", and the "plateau". Their characteristic
features have been reviewed in detail by Irvine, Coldsraith, and
25
as
Hjalmarson (1987) and Prasad et al
. (1987). Since regions
characterized by outflows and elevated temperatures and also
extended cooler, quiescent material are present. Orion(KL) serves
an important test object for grain and shock chemistry as well as
for low temperature ion-molecule synthesis. We report here
observations of the 1^^ - 1^^ transition of interstellar hydrogen
sulfide (H^S) and its isotopes towards OMC-1 and comment on the
implications for chemical models. Data towards several other
star- forming regions for H^S will be published elsewhere (Minh et
al
.
1989 ; see also § 4)
.
3 . 3 Observations
Observations of H^S and its isotopic species H^^'s and HDS (see
transitions and rest frequencies in Table 3.1) were made using the
FCRAO 14 m telescope between 1989 January and April. Telescope
parameters are also included in Table 3.1. The FCRAO 2 mm receiver
(Ziurys, Erickson. and Grosslein 1988) gave total system
temperatures, corrected for atmospheric attenuation, of 700 - 1000
K. Data were taken by position switching 30 arcminutes in
azimuth, and spectra were obtained using 256-channel filter banks
with 250 kHz and 1 MHz resolutions. The temperature scale is given
ft
as T^, the beam-chopper-corrected antenna temperature. For
calculating column densities, we use the main beam brightness
ft
temperature T = T /rj ,
MB a' B
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TABLE 3.1
Line Frequencies and FCRAO Telescope Parameters
Molecule Transition ^^^^ Frequency^ FWHP
(MHz) (arcsec)
"2''^
^1 168762.76237 35 0.25
"2''^
^1 167910.516 35 0.25
2^1- \, 153179.160 39 0.30
From Helminger, De Lucia, and Kirchhoff (1973).
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3.4 Results
3.4.1 Spectra
"^^^
^0 ^1 transitions of H^S and H^^'s have been observed
towards several selected positions in OMC-1, and the observed line
parameters are given in Tables 3 . 2 and 3 . 3 for H S and H ^^S
2 2
respectively.
The spectra obtained toward the KL position show evidence for
three sub
-regions, the extended ridge, the plateau, and the hot
core. The H^S spectrum (Figure 3.1) has a "spike" feature at V
LSR
~ 9.5 km s ^ with FWHP ~ 3.7 km s"\ which agrees quite well with
other molecular observations for the extended ridge (Blake eC al.
1987; Johansson et al. 1984). There is no apparent counterpart in
3A
the S spectrum, which may indicate that this component is not
optically thick. Another ridge component, the compact ridge, has a
slightly lower velocity V = 7 - 8 km s"^ and is characterized byLSR
a number of large, oxygen-rich species (cf. Irvine, Goldsmith, and
Hjalmarson 1987); we find no specific evidence for compact ridge
emission in our spectra, and we ignore this component in the
analysis. The emission from the plateau is quite visible in the
H S spectrum, extending from V ~ - 20 to 40 km s"^ as shown in
^ LSR
Figure 3.1. We regard this component as the "lower velocity"
plateau, which is a rather massive disk-like clump in which many
lecules have been observed, including sulfur-containing speciesmo
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TABLE 3.2
Summary of H^S Observations
Position A
(K)
Ridge
Hot Core
Plateau
1.47
0.39
1.06
Offset (Aq,A5) from KL
(-0.6,-1.6)(- 1.5S) 1.99
(1. 3)(- 3N1E)
. . 1.12
(0
, 1) 1.54
(-0.3,-0.8)
.... 2.01
(-0.8,-2.4)
.... 1.41
(-1, 0) 1.15
(-2, 0) < 0.60'
(1
,
0) 1.06
(2,0) < 0.53'
(3
,
0) 0.72
(4,0) < 0.32'
LSR
FWHP dV
c olu mn
(kms'') (km s"')(K km s"') (xlo'W)
9.5
5.7
8.0
7.4
9.8
10.0
8.7
9.1
8.6
9.7
10.2
3.7
12.0
32.9
4.8
2.0
3.9
3.8
2.7
3.3
5.4
2.7
5.8
5.0
37.1
9.5
2.2
6.0
7.6
3.9
3.8
5.7
1.9
9000' (20000)'
800^(3000)'^
5'=(2)^
0.1'(0.7)'^
2
3
1
1
< 0.5^
2
< 0.4^
0.7
< 0.3^
NOTE. - Spectral resolution is 250 kHz.
Position of KL: RA(1950)= 5^32'"47'0, Dec(1950)= -5°24'23".
(Continued on next page)
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TABLE 3.2
(Continued)
Optically thin emission and T = 30 K have been assumed unlessROT
Otherwise indicated.
From a gaussian fit by assuming V (Hot Core) = 8.0 km s'' and
FWHP (Hot Core) = 12.0 km s~\ and V (Plateau) = 5.7 km s"\LSR *
Using r(H S) and T from Table 3 5
2 ROT '
Using JT^(H^ S)dV from Table 3.3, and T_ and the source size
^ ROT
from Table 3.5, assuming r(H^^''s) < 1, s/^S = 15.
3 o upper limit.
3 o upper limit and FWHP = 2 km s"^ were used.
f
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TABLE 3.3
Sunmiary of H^^^'s Observations^
Position
*
T
A
V
LSR FWHP jT^dV
(K) (km s ^) (km s ^
)
(K km s"^)
r Ridge
Hot Core 0.30 5.7 12.0 3.8
Plateau
.
. . . 0.22 8.0 33.2 7.8
1.5S 0.15 6.6 4.3 0.7
3N1E 0.09 9.6 1.1 0.1
NOTE.
- Positions in Table 3. 2. Spectral resolution is 250 kHz.
Line parameters derived from the gaussian fits.
b _
From a gauss ian fit by assuming V (Hot
LSR
Core) = 5. 7 km s ^ and
FWHP (Hot Core) = 12.0 km
-1
s
,
and V (Plateau) =
LSR ^
8.0 km s'\
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ear
and HDO. The hot .ore, which .ay be the „o3t massive cl™p left
over from the formation of IRc 2, Is characterized by V , 5 km
-1 LSR
s and AV ~ 5 - 10 km c'^ iiU s with large abundances of highly saturate
molecules, such as H^O and NH^
. The H^^S spectrum in Figure 3.1
peaks at V^^^
. 6 km s'', which is close to the LSR velocity of the
hot core. It therefore appears that H^S is very prominent in the
hot core and probably optically very thick in the H^S spectrun,.
In Figure 3 . 2
.
we have shown the spectra obtained towards the
1.5S and the 3N1E positions. At the 1.5S position, there is cl
evidence for an outflow distinct from that associated with IRc 2
(Ziurys and Friberg 1987; Schmid-Burgk et al . 1989; Ziurys
,
Wilson,
and Mauersberger 1989). The broad H^S line (full width at zero
power
~ 12 km s ') shows some evidence of this. The 3N1E positi
is a dense and quiescent region, toward which a number of radical
and ions show an emission peak (Turner and Thaddeus 1977; Harris et
al. 1982).
The SO 4^ - 3^ line and presumably the CH OH 9 - 9 El line
3 1 0
have been detected in these observations towards KL and 1.5S. Line
parameters for both these species are listed in Table 3.4. The LSR
velocity of ~ 8 km s'^ of the CH^OH 9^ - 9^ El line in KL agrees
well with other methanol observations (Johansson et al
. 1984; Blake
et al. 1987) of compact ridge molecules. The methanol line is
shown in Figure 3.1 together with the H ^''S spectrum.
9 ^
Lon
.s
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Figure 3.2 Spectra of the 1^^ - 1^^ transitions of H^S and
H ^""S towards Orion I.5S and 3N1E at a resolution of 250 kHz
2
(positions given in Table 3.2).
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TABLE 3.4
Line Parameters for ^^SO and CH OH
3
Position
*
V FWHP
" peak
(K) (km s"^) (km s'^)
jT^dV
(K km s"^)
3^
SO 4 - 3 Transition
o 3
KL 0.39 6.9 18.9 7.4
1.5S 0.10 3.3 3.9 0.4
CH OH 9-9 El Transition^10
KL 0.96 8.0 6.6 6.3
1.5S 0.10 8.9 3.8 0.4
lOTE.
-
Spectral resolutions are 1 MHz for ^^SO and 250 kHz for
CH^OH. Positions for KL and 1 . 5S are in Table 3.2.
Rest frequency
: ^'so 4^- 3^ Transition: 168 . 815101 (Hollis et al
.
1981); CH^OH 9^ - 9^ El Transition: 167.93113 (Lovas 1989).
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3.4.2 H^S Abundanr.P.^
H^S abundances for each sub
-region in KL have been derived by
gaussian fitting the spectra. As discussed above, the extended
ridge is apparent as a "spike" in the H^S spectrum, while it has no
counterpart in the h/^S spectrum. This suggest that the H^S
emission of the extended ridge is optically thin. A gaussian fit
is straightforward for the "spike" in the H^S spectrum, and we
derive an H^S total column density N^^^(H^S) ~ 2 x lo'' cm"' by
assuming an ortho to para ratio of 3 and evaluating the partition
function for T^^^
~ 20 - 50 K (Johansson at al
. 1984; Blake et ai
.
1987). This corresponds to a fractional abundance of H S relative
2
to of f(H^S) ~ 10-^ taking N(H^) - 1 - 3 x lo" cm"' for the
extended ridge (Blake et al
. 1987).
Because of the asymmetry of the spectra shown in Figure 3.1, it
is difficult to fit to unique components for the plateau and the hot
core. So we have set the center velocities for the plateau and the
hot core and the line width for the hot core, on the basis of
results for other molecules (Johansson et al
. 1984; Blake et al.
1987). Fit results are shown in dotted lines in Figure 3.1, and
line parameters are included in Tables 3.2 and 3.3. The emission,
of course, does not need to be gaussian, especially for the plateau,
but the observed line profiles for both H S and H ^''s are matched
2 2
quite well by this procedure. In addition, since the H ^^S
2
emission may be assumed to be optically thin and the hot core
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component is very apparent in the h/^S spectrun,. we can derive
reasonable column densities for the hot core and the plateau from
the H^^'S spectrum (the assumptions are included in the Notes to
Tables 3.2 and 3.3; cf. the equation in Irvine, Goldsmith, and
Hjalmarson 1987). When we compare column densities so derived for
the 1^^ state to those found from the optical depths obtained
comparing the gaussian fit antenna temperatures of the H S and H ''s
2 2
spectra, both results agree well within a factor of a few by
assuming the isotopic ratio of s/'s - 15 - 22 (Schloerb et al
.
1983)
.
The Einstein A coefficient for the 1^^ - 1^^ transition for
both main and isotope lines was taken to be 2.25 x lO"^ s"^
(Thaddeus et al
.
1972). Thus the 1^^ - 1^^ line becomes
thermalized at densities > 5 x lo' cm"'. Although such densities
probably do not exist over the extended OMC-1 region, they are most
likely present towards the KL, 3N1E, and 1.5'S positions. The
fraction of the population in the 1^^ level was evaluated by summing
over the partition function for the rotational temperatures
indicated in Table 3.2. The resulting total column densities are
included in Table 3.2. We derive N (H S) ~ lo" cm"^ and ~ 10^®
tot 2
cm ^ for the plateau and the hot core, respectively, which
corresponds to -f(H^S) ~ lO"^ for both components, for N(H^) ~ 10^'
cm for the plateau and ~ 10 cm for the hot core (Blake et al
.
1987) .
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The column densities for the 1^^ state at the 1.5S and 3N1E
positions have been derived from the optical depths (Table 3.5)
obtained from comparing the H^S and h/^S spectra, and then total
column densities are then given by assuming Boltzmann population
distributions at T^^^ . 75 K and 15 - 30 K for 1.5S and 3N1E.
respectively (cf. Goldsmith et al
. 1986). Since the 1^^ energy
level of H^S is about 28 K above the ground state, total column
densities are not very sensitive to T for values in the range 10rot o ^
- 50 K. As towards KL, similar values of N are obtained from
tot
the S spectra alone, on the assumptions of optically thin
emission and s/'s ==15. We find N (H S) ~ 4 x lo" cm"' and ~ 4tot 2
X lo" cm' at 1.5S and 3N1E. For the other positions listed in
Table 3.2, we assumed optically thin emission and T ~ 30 K. We
rot
derive N^^^(H^S) ~ lo'' - lo'' cm"' (included in the last column of
the Table 3.2). Optical depths may be greater than one at such
locations, which would mean that we underestimate the total column
densities in some regions. For example, if r (ti^S) ~ 2, then the
total column density is underestimated by a factor of 2 - 3. The
fractional abundances at all the positions are on the order of lO"^
for total hydrogen column densities -0.5 - 5 x lo'^ cm"' (Table
3.5; Smith et al
. 1979; Batrla et al . 1983).
As a check on our assumptions, we used our derived opacities
for the hot core and plateau sources, combined with our measured
antenna temperatures and assumed excitation temperatures, to
estimate sizes of these regions. The results of these calculations
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TABLE 3.5
Abundances of H S in OMC-1
Component "^rot Estimated'^ ^'^V^'\m c,,<i N(HS)^ ^Source Size 2 ^ ^
(K) (arcsec) (cm ) (cm )
Extended Ridge 30 extended 1-3(23) < 1 2(14) K -9)
Hot Core 200 - 3 1(24) 23 1(18) K -6)
Plateau 100 - 7 1(23) 3 1(17) K -6)
1.5S 75 - 24 5(23) 0.3 4(14) K -9)
3N1E 15 -30 extended 7(22) 0.4 4(13) 6( -10)
Numbers in parenthesis are powers
From Blake et al
. (1987), Batrla
of 10.
et al
.
(1983)
,
and Goldsmith et
al. (1986).
^ Using the equation: = (T^^ - 2.7) (1 - e"^ ) (D/HPBW)^ where
D is the source diameter.
Column density corrected for source size.
Optical depth in the line center, from ratio of H S and
2
H^'^^S data, assuming S/'^^'S = 15.
* Fractional abundance of H S relative to H
2 2
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rom
are given in Table 3.5. As shown in the table, we obtained
source diameter
.
3" for the hot core, and 9^7" for the
s
plateau. Both of these values are less than those derived frc
other measurements by a factor of ~ 2 (e.g. Plambeck et al. 1982;
Genzel et al
.
1982). This disagreement may result from
uncertainties in gaussian fit values and estimations of the
excitation temperatures, although it is possible that the HS
2
emission is more confined than that of some other species. For the
1.5S position, we obtain 6^ ~ 24", the same value for the outflow as
estimated from SiO observations (Ziurys, Wilson, and Mauersberger
1989). Optical depths and abundances for H^S are summarized in
Table 3.5.
We have also made a search for deutrated H^S (HDS) at the KL
postion, but this species has not been detected to a 1 a level of 33
mK at 250 kHz resolution. Since H^S seems to be most prominent in
the hot core, as we see in the H^^^S spectrum in Figure 3.1, we used
an excitation temperature ~ 200 K and a source size ~ 3" for the hot
core (Table 3.5) to derive an HDS column density. We derive an
upper limit N^^^(HDS) < 10^^ cm"^ in the hot core. Then we
estimate the abundance ratio of [HDS]/[H S] to be less than ~ 5 x
10" (see Table 3.2)
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3 . 5 Discussi nn
Recent ion-molecule chemical models employ the radiative
association reaction between SH^ and as a principal formation
route for the ion H^S^ in dense clouds, which is the assumed
precursor to H^S
.
The predicted abundance of H^S
, therefore,
depends on the rate coefficient of the radiative association
reaction. Leung, Herbst, and Huebner (1984), following the work of
Prasad and Huntress (1982), predicted a fractional abundance of
~
iU m quiescent clouds by using a large value of the rate
coefficient. Herbst, DeFrees, and Koch (1989) have recalculated
the rate coefficient to be about a factor of 2 less than that used
by Leung, Herbst, and Huebner (1984). In the quiescent clouds in
Orion A, including the extended ridge, our observed fractional
abundance is f(H^S) ~ lO"', which is similar to the value in the
cold dark cloud L134N (Paper 1). Thus, the H^S abundance predicted
by standard ion-molecule models is about an order of magnitude less
than the observed value. In constrast, Charnley et al
. (1988) in
their dynamical cloud model produce H S via the reaction S"^ + H CO
2 2
H^S + CO, followed by H^S"*" + e" -> H^S + hu . In this model, the
cloud chemistry gets cycled via a collapse/star- formation/expansion
sequence. In their slow cycle model, they produce f(H^S) ~ lO"^ in
the cloud collapse phase - in good agreement with cold cloud
observations. However, as with the other reaction sequence leading
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to H^S, the rates of the reactions used by Charnley et al
. (1988)
are not well known.
It is consequently difficult to establish whether ion-molecule
chemistry can produce sufficient H^S
. Given certain assumptions
about key rate coefficients, it appears that ion-molecule models can
produce f(H^S)
~ lO'^ - 10"^°, i.e.. the values measured for the
ambient gas in Orion and for the dark clouds L134N and TMC-1 as well
(Minh, Irvine, and Ziurys 1989). However, until such key rate
coefficients are determined accurately by experimental methods, the
success of ion-molecule synthesis of H^S remains an open question.
Other processes such as high- temperature chemistry or grain
surface chemistry may be important in the Orion hot core and
plateau, where the H^S fractional abundances f(H^S) ~ lO"^ (see
Table 3.5). Under high- temperature conditions, the
endothermicities or the activation energies can be overcome. Smith
and Adams (1985) have suggested that even for moderate increases in
the ion velocities relative to (as would occur in MHD shocks),
endothermic reactions which lead to the formation of H S could be
2
initiated: + H SH^ + H and H + H
. In MHD shocks, SH^ is
2 2 2
predicted to be formed in observable quantities (Millar et al. 1986;
Pineau des Forets et al. 1986). H^S can also be formed from atomic
sulfur by hydrogen-abstraction reactions with H
,
which have
2
barriers of substantially greater than 7000 K (Hartquist,
Oppenheimer, and Dalgarno 1980). The high temperature chemistry
models predict a large enhancement of the abundace of sulfur-
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containing molecules, including H^S (e.g. Hartquist. Oppenheimer.
and Dargarno 1980; Mitchell 1984). after the passage of shocks,
although the final abundances largely depend on the nature of the
shock, poorly known reaction rates, and initial abundances.
Grain surface reactions have sometimes been suggested to play
an important role in the formation of gas phase interstellar
molecules, especially for sulfur- or nitrogen-containing species,
although there are a number of serious uncertainties in the grain
surface reaction schemes (cf. Prasad et al
. 1987). One of the
major questions is the desorption process, although this may be les
of a problem in star-forming regions because of the intense UV fiel
and the strong shock waves generated from the young stellar objects
embedded in the cloud. Duley, Millar, and Williams (1980) have
invoked grain surface reactions to synthesize H^S
. If sulfur has
been depleted onto grain surfaces, ions like or are likely to
find SH or S sites on the grain surfaces, which may lead to the
formation of H^CS or H^S
,
respectively. Although this model
contains many uncertainties and produces too much H^S , it may be
possible that in dense clouds, where sulfur is highly depleted, a
variety of sulfur-containing molecules may be formed easily through
reactions on the sulphuretted grains (see also Tielens and
Alamandola 1987) .
The hot core is probably a dense clump or set of clumps in the
cavity surrounding IRc 2. The heating mechanism of the hot core i
probably radiative (Goldsmith et al. 1983), which may warm up the
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r NH
3
grains and induce the thermal evaporation of their icy
.antles.
The large H^S abundance is consistent with release fro. the grain
mantles directly, such as. for example, has been postulated fo
and HDO, whose abundances are significuantly enhanced in the hot
core (Sweitzer 1978; Plambeck and Wright 1987). Plambeck and
Wright also suggest that any species released from the grain mantle
will survive
~ 1 x 10^ yrs before being destroyed by gas phase
reactions, but this is comparable with the outflow age, and such
species could still be overabundant. Therefore, we conclude that
the high H^S abundance f(H^S) ~ lO"^ in the hot core may result from
grain mantle evaporation.
Unlike the large deuterium enhancements of the species such as
[HDO]/[H^O] and [NH^D]/[NHJ in the hot core (Plambeck and Wright
1987; Walmsley et al
.
1987), we derive [HDS]/[H^S] < 5 x 10"\ The
large deuterium enhancements (as high as ~ 3 x lO"^ for
[NH^D]/[NHJ) are thought to originate via deuterium fractionation
in the gas
-phase followed by freeze out onto grain mantles and
subsequent evaporation. Grain surface chemistry may. however, als
result in a high deuterium fractionation, mainly by the accretion o
atomic deuterium in the gas phase (Tielens and Allamandola 1987;
Brown and Millar 1989; Millar, Bennett, and Herbst 1989) Our
non-detection of HDS may suggest that there are differences in the
formation and fractionation of HDS/H^S relative to the processes
that are important for HDO/H^O and NH D/NH
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The plateau emission comes from a violent region within KL
which seems to be powered by IRc 2. Shock chemistry may be
dominant in the plateau, and is thought to be responsible for the
large abundances of SO, SO^, and SiO. These species may be easily
formed in the heated gas because of the enhancements of S
,
Si, and
OH following grain disruption in the shocked region. The large
abundance of the fragile molecule H^CO in the plateau (Blake et al.
1987) strongly suggests that small dense condensations also exist in
the outflow region, and the high abundance of HDO in the plateau
probably suggests that grain surface chemistry may be still
important in the plateau. Therefore H^S may form either in the
high- temperature shocked gas or on the grain surfaces in the
plateau, and it is difficult to discriminate which chemistry
actually plays the major role in producing the observed large
abundance of H^S
,
f(H^S) ~ 10"^ However, the small condensations
in the plateau would contain grains similar to those in the hot
core, and the evaporation of grain mantles by UV radiation or shocks
would be expected to produce H^S in the gas phase.
In summary, the H^S abundances are enhanced by a factor of 1000
in the hot core and the plateau (f(H^S) ~ lO"^) relative to
quiescent clouds. The large abundance of H^S in the hot core may
result from grain mantle evaporation, while the large abundance in
the plateau could result from high- temperature gas phase chemistry
-g
and/or grain-surface chemistry. f(H^S) ~ 10 for the quiescent
region of OMC-1, which is similar to the value for L134N (Paper 1),
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which seems to be difficult to explain by currently known
ion-molecule reactions, at least under static cloud conditions.
Higher spatial resolution observations should be useful, especially
in a region like Orion(KL)
.
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CHAPTER 4
HYDROGEN SULFIDE IN STAR- FORMING REGIONS
4 . 1 Summary
Interstellar hydrogen sulfide (H^S) and its isotopic variant
34
S have been observed towards several star- forming regions via
their 1^^ - 1 transitions. Where both H S and H ''s were
2 2
Observed, the H^S lines are typically optically thick and H S colum,
2
15 ~ 2densities
~ 10 cm are found. We set lower limits for the H S
2
column densities of ~ lo'' cm"' for other sources observed with only
the H^S line. The fractional abundances of H^S relative to
molecular hydrogen are in the range of lO'^ to 10"^ H S has been
2
searched for unsuccesfully only towards the supernova remnant
IC443B, where we set an upper limit 6 x 10^^ cm'' for the H S total
2
column density.
4 . 2 Introduction
Interstellar hydrogen sulfide (H S) was first observed in the
2
ISM via its 1^^ - 1^^ transition towards several GMCs by Thaddeus et
al. (1972). Recently, Minh, Irvine, and Ziurys (1989; Paper 1; cf.
Chapter 2), and Minh eC al . (1989; Paper 2; cf. Chapter 3) have
observed this transition towards cold dark clouds and towards OMC-1,
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and discussed the relative importance of grain- surface reactions,
high- temperature shock chemistry, and ion-molecule reactions for the
formation of H^S
.
Indeed, it is very difficult to differentiate
between gas- phase reactions and grain- related processes in the
formation of interstellar molecules such as H^S
,
although there are
clearly large enhancements in the fractional abundance of H S in
2
regions of massive star formations (by factors up to lo')
. Even in
quiescent regions, the observed fractional abundances of ~ lO"'
seems to be difficult to explain with currently known ion-molecule
models. H^S has been suggested as a tracer of high- temperature
chemistry or grain surface chemistry because the expected gas phase
reactions leading to the formation of H^S are thought to be
appreciably endothermic (Watson and Walmsley 1982; Smith and Adams
1985; Duley, Millar, and Williams 1980). H^S has been identified
tentatively in the grain mantles toward the compact radio source
W33A (Geballe et al . 1986).
Sulfur-containing molecules appear to be fairly abundant in
star formation regions, accompanied by shock waves and high
temperatures. Such observations have lead to the postulation that
"shock" or "high temperature" chemistry, i.e. chemistry involving
gas-phase reactions with activation energies, may be taking place in
hot regions and producing these species. Along with elevated
temperatures shocks can also cause the partial or complete
destruction of dust grains, which would return molecules in the
grains to the gas -phase. Also, the UV radiation field from the
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newly formed massive stars can evaporate grain mantles and
consequently release volatile molecules into the gas phase.
Although the strong UV field also can disscociate molecules released
from the grain mantles, the high density of gas and dust grains may
strongly inhibit such destruction and thus enhance these species in
the gas component in star- forming regions.
H^S abundances in the active regions of Orion(KL)
.
which are
enhanced by a factor of 1000 relative to those in quiescent clouds,
strongly suggest that the increased H^S production is related to
activities in star formation regions, and possibly to grain- related
processes. In this Chapter, we report the results of H S and H ''s
2 2
observations toward several other star forming regions.
4 . 3 Observations
Observations of the 1 - 1 transitions of H S and itsiU 0 1 2
isotope species H^^^'s (rest frequencies: 168.76276237 GHz and
167.910516 GHz, respectively, Helrainger, De Lucia, and Kirchhoff
1973) were made using the FCRAO 14 m telescope between 1989 January
and April. The HPBW and the beam efficiency of the telescope are
35 arcseconds and 0.25 at these frequencies, respectively. The
receiver and the observing method are described in § 3.3. The
temperature scale is given as T*, the beam-chopper-corrected antenna
temperature. We approximate the brightness temperature by main
beam brightness temperature T = T*/n
MB 'b'
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4.4 Results
4.4.1 B2
The Sgr B2 molecular cloud, situated ~ 120 pc from the Galactic
Center, represents a relatively extreme case in terms of mass and
column density. A variety of different molecules has been observed
in this core, probably because of the large column density and the
existence of many different excitation conditions (cf. Irvine,
Goldsmith, and Hjalmarson 1987). The H S and H ^'s spectra
2 2 ^
Obtained at the center (M) and IN positions are shown in Figure 4.1,
and the observed line parameters at these locations and towards more
quiescent gas at the position labeled 2N are given in Table 4.1.
The H^S spectra show two peaks at V ~ 50 km s"^ and ~ 80 km s"^
which coincide with two peaks of strongly self-absorbed ^^CO J=2-l
(Lis 1989). The H '^''s spectra, however, may indicate that the HS
^ 2
emission in Sgr B2 is not self-absorbed, but traces two different
components inside this molecular cloud. Based on the H ^''s
2
spectra, we regard the H^S emission as coming from two different
regions, but higher spatial resolution observations would be useful
to discriminate the velocity components in Sgr B2 unambiguously.
An estimate of the optical depth can be derived by comparing
the antenna temperatures of the same transition of two isotopic
variants such as H^S and H^^^'S. We derive optical depths by
assuming the cosmic value of the S/^''s ratio ~ 22 and the
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TABLE 4.1
H^S and H^^^S Line Parameters Observed towards Sgr B2
Position VLSR AV dV
(K) (km s ^) (km s ^) (K km s'^)
r 0.36 50 10 3.6
SgrB2(M) (0.14) (51) (13) (1.9)
- 0.18 76 18 3.3
r 0.30 48 16 5.0
SgrB2(N) (0.24)(?) (56) (3) (0.9)
- 0.17 84 22 3.9
r 0.23 52 7 1.5
SgrB2(2N)
0.15 84 9 1.3
Numbers in parenthesis are for the H ^""s (1 - 1 ) line
2 10 01
Spectral resolution is 1 MHz.
Line parameters are derived from gaussian fit.
Positions: SgrB2(M): RA(1950) = 17^44'"ll!3, Dec(1950) = -28°22'30";
SgrB2(N): RA(1950) = 17^44'"ll!3, Dec(1950) =
-28°2l'30"; SgrB2(2N):
RA(1950) = 17^44'"ll!3, Dec(1950) = -28°20'30".
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Figure 4.1 Spectra of the 1^^ - 1^^ transitions of H^S
h''s taken towards Sgr B2(M) and (N) at a spectral reso
2
of 1 MHz (positions given in Table 4.1). The CH^OH
3A
(9 - 9 El) line is shown in the S spectra.
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same
co-existence of the two species in rh.i>peci m t e same region with the
excitation temperature. Results pr« i ^ .t^esui a e included in Table 4.6.
Adoption instead of S/^^S ~ IS ,.v,,- uV
- 15. which seems to be appropriate to
Orion (Paper 2). would result in ~ 30 % H...m
~
JO % decrease in the total column
density. We have assumed rotational temperatures (T ) of 20 K
and the effects of varying this assumption in calculating total
column densities are she™ m n,ur. 4.2. As she™ m the figure,
total column densities are relatively Insensitive to T . For
rot
comparison, total column densities have also heen derived fro. the
h/'s line using the "standard" equation (Irvine, Goldsmith, and
Hjalmarson 1987) for optically thin emission, T^^^ = 20 K, and the
Isotopic abundance ratio given above. We derive similar values of
total column density from both methods, and N (H S) - lo" rr.''total 2 "
for each component In Sgr B2(M) and (N)
. For Sgr B2(2N), we
assumed the H^S line was optically thin. The column densities are
included in Table 4.6,
4.4.2 W49
W49. at a distance of 14 kpc
, is one of the most active
star- formation regions in the Galaxy. It contains the most
powerful complex of H^O masers in the Galaxy (Knowles et al
. 1974;
Genzel et al
.
1978). with hundreds of spectral features. Several
positions have been observed, and the H^S line parameters are given
in Table 4.2 and sample spectra in Figure 4.3. The H S spectrum
56
57
58
towards W49N is quite similar to the sin.le-dish CO . .i^xngi a spectrum (HPBW
45"). which shows a strong self
-absorption feature (Scoville et ai
.
1986). The H^S emission is probably self-absorbed, since the H ^^S
spectrum obtained toward W49N shows a single peak whose V
coincides with the absorption feature of the H^S spectrum "(Figur
A. 3). The H^S emission in W49N is fairly extended, and
spatial-velocity maps are shown in Figure 4.4. We derive
optical depth
~ 7 at the line center towards the (0. 0) positi
Table 4.2 by comparing the H S and h/^S spectra, and N (H S)
15 -2 2
2 X 10 cm from both the H^S optical depth and the H^^'s line
Itself with the same assumptions described in § 4.4.1.
LSR
:e
an
on in
4.4.3 W51
The W51 molecular complex is located at a distance of 7 kpc and
has two infrared and radio continuum sources associated with bright
H^O masers: W51(M) and W51(N). Genzel and Downes (1982) have
suggested that W51(N) has a remarkable morphological similarity to
Orion(KL), but the total infrared luminosity is much larger than the
luminosity of Orion(KL)
,
and the mass and momentum contained in the
high velocity gas are also larger than in Orion by about an order of
magnitude. W51(M/S) is located ~ 1' to the south of W51(N). and
has a group of ultra-compact HII regions, and OH and H 0 maser
2
sources. The observed line parameters are included in Table 4.3.
The H^S spectrum for W51(N) shows a "plateau" emission which seems
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TABLE 4.2
Line Parameters Observed toward W49N
Offset^ T
A
b
V
LSR 0 V
r
*
T dV
J A
Aa A5
(K) ~ 1(km s ) (km s ^
)
(K km s"^)
0. 0.
0 .39 ± 03 7.4 17.8 7.3
(0 10 ± 03) (8.8) (7.6) (0.8)
1
.
0
. 0 29 ± 04 5.3 14.8 4.3
oZ . U
. 0 31 ± 05 10.7 7.3 2.3
3. 0. < 0 15
=
—
—
—
-1. 0. 0 36 ± 04 7.8 14.5 5.2
-2. 0. < 0 15^=
0. 1. 0. 18 ±. 06 8.9 10.9 2.0
0. 2. < 0.
0. -1. 0. 28 ±. 06 10.6 5.8 1.6
0. -2. < 0. 16"=
NOTE.
- Spectral resolution is 1 MHz.
Numbers in parenthesis are for the H ^''s (1 - 1 ) line
2 10 01
In arcmin from RA(1950) = 19^07"'49!8 and Dec(1950) = 9°0l'l7".
Errors are 1 o.
3 a upper limit.
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Figure 4.3 Spectra of the 1 - 1 transitions of H S andlU 0 1 2
H^^^'S towards W49N and W49S at a resolution of 1 MHz
(positions given in Table 4.2).
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Figure 4.4 Spatial-velocity maps for the observed antenna
temperatures obtained toward W49N. Offsets are from the (0,
0) position of W49N in Table 4.2. Lowest contour level is
0.05 K and levels increase by 0.03 K for both panels.
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to have a center velocity at ~ 50 km s"' and AV ~ 15 km in
Figure 4.5, we show the spectrum and a two component gaussian fit.
Since H^^'S data was not obtained toward W51(N), we calculated the
column density from the integrated intensity of the H^S line by
assuming optically thin emission. As a result, the column density
may be underestimated by a large factor, because the optical depth
could be larger than one and the source size much smaller than the
beam size. For W51(M/S), we derive an optical depth of ~ 3 by
comparing the H S and H^'s intensities, leading to N (H S) ~
^ total 2
iU cm
.
We have applied the same assumptions to derive column
densities as described in § 4.4.1 (see also Figure 4.2 for the
effect of T^^^ in the calculation of column densities).
4.4.4 WSdRSS)
W3(IRS5) is located at a distance of ~ 2.5 kpc and has a
cluster of infrared sources, H^O masers , and ultra-compact HII
regions. The weakness of the radio continuum emission, the lack of
high velocity motions and evidence for shock excitation may indicate
that W3(1RS5) is in an earlier evolutionary stage than Orion(KL)
,
W51, or W49 (Genzel and Downes 1982). The line parameters are
included in Table 4.3 and the spectra in Figure 4.6. We derive an
optical depth of ~ 5 for the H S line from comparison with the H ^''S
2 ^ 2
intensity. This corresponds to N (H S) ~ 10^^ cm ^
,
applying
total 2
the same arguments as described in § 4.4.1.
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TABLE 4.3
Line Parameters Observed in W51 and W3
Position
*
T
A
V
LSR AV jT;dv
(K) (km s ) (km s ^) (K km s"^)
W51(N)
r 0.14 52.9 15.0 7.9
0.92 61.1 7.2 7.1
W51(M/S) 1.03 56.8 10.4 11.4
(0.14) (55.3) (13.5) (2.1)
W3(IRS5) 0.64 -40.8 6.9 4.7
(0.13) (-40.9) (16.5) (2.3)
W3(0H) (0.19) (-43.9) (4.4) (0.8)
Numbers in parenthesis are for the H ^''S
2
(1 - 1 )
10 01
line
.
Spectral resolution is 1 MHz.
Positions
:
W51(N) : RA(1950) = 19^21^22^0
,
Dec(1950) = 14°25'20";
W51(M/S) = RA(1950) = 19^2l'"26!4, Dec(1950) = 14°24'42; W3(IRS5):
RA(1950) = 2''2l'"53!0, Dec(1950) = 61°52'21; W3(0H): RA(1950) =
2^23'"l6'8, Dec(1950) = 61°38'57'.'
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Figure 4.5 Spectra of the 1^^ - 1^^ transitions
of H^S and
H^'S towards W51(N) and W51(M/S) at a
resolution of 1 MHz
2
(positions given in Table 4.3). Dotted lines in
the W51(N)
spectrum show gaussian components and line
parameters are
included in Table 4.3. The CH^OH (9^ - 9^
El) line is shown
in the H^^^S spectrum,
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Figure 4.6 Spectra of the 1 - 1 transitions of H S andiu (J 1 2
H^''S towards W3(IRS5) at a resolution of 1 MHz (position
given in Table 4.3).
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4.4,5 Other Sources
The H^S line parameters for other star-forming regions are
included in Table 4.4. Most spectra show somewhat asymmetric line
profiles, and sample spectra for NGC7538 are shown in Figure 4.7.
The H^^ S line has not been detected toward NGC7538(N) to a 1 a
value of 40 mK, which indicates that the optical depth of H S is
2
less than 2.6. The H^S total column densitites for these sources
have been derived to be ~ lo'' cm"' if the H^S lines are optically
thin and the sources fill the antenna beam (see Table 4.6). Most
of these sources contain embedded infrared sources, however, and
star- formation is probably occuring actively. From the results for
the sources in Tables 4.1 - 4.3, it is likely that such regions have
optical depths larger than one. The source sizes also could be
smaller than the beam size. Therefore, this value of N (H S) is
tot 2
probably a lower limit.
Among the sources in Table 4.4, the H S line has not been
2
detected (to a 3 a limit of 94 mK) only toward IC443B. We derive
'^totai^^z^^ ^ 6
X 10^^ cm '. SNR IC443 contains several regions
which suggest the recent passage of shocks, as evidenced by
unusually broad and asymmetric line profiles observed in CO and OH
(e.g. DeNoyer and Frerking 1981; Huang, Dickman, and Snell 1986).
In Clump B (IC443B)
,
many molecular species have been detected (cf
.
Ziurys, Snell, and Dickman 1987), and the SiO abundance is
significantly enhanced relative to limits in quiescent clouds.
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TABLE 4.4
H^S Line Parameters for Other Sources
Source
V
LSR AV
(K)
dV
(km s" ) (km s"^) (K km s'^)
AFGL4029 0
. 28 +
. 04 - "^8JO
,
.
0 2
,
, 7 0. 8
S235B 0
. 85 +
. 11 - 1 7Li. 4
.
.
u 3
.
4
S255 0
. 82 +
. 18 7 7 oJ
.
/:
. D 2 9
W33A 0 .49 + .05 35 9 QO
, 4 2
G34.3+0.2 1 .14 + .05 56
,
.
6 AH-
,
n
, J
W49S 0,.31 + ,04 12 .4 13 o
, J
S106 0,.19 ,04 -1,.4 8 4 11 ,, o
DR21(0H) 0.,52 ,09 -4,.2 3 .2 1.,7
DR21 0..39 + ,13 -1,,3 3 .9 1.,6
S140 1.,15 ,08 -6,,7 3 .6 4,.2
Ceph A 0.,58 ,04 -10.,9 5,.6 3,.3
NGC7538(N) 1.,01 07 -57..5 4,.8 4,.8
NGC7538(S) 0. 81 05 -57,,0 5,.8 4,
. 7
NGC7538(E) 0. 39 04 -57.,0 4.,6 1 .8
IC443B < 0. 09"^
Errors are 1 a.
3 a upper limit.
(Continued on next page)
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TABLE 4.4
(Continued)
NOTE.
-
Spectral resolutions are 1 MHz for W33A, W49S, S106, and
Ceph A, and 250 kHz for other sources.
Positions: AFGL4029: RA(1950) = 2^7'"35^6, Dec(1950) = 60°17'22";
S235B: RA(1950) = 5^37™30!4, Dec(1950) = 35°39'57"; S255:RA(1950)
= 6''09"'58!3, Dec(1950) = 18°00'll"; W33A: RA(1950) = 18''ll'"l9!o
,
Dec(1950) = -17°56'46"; G34.3+0.2: RA(1950) = 18^50'"46?0,
Dec(1950) = l°ll'l0"; W49S: RA(1950) = 19^7^8!o, Dec(1950)
=
9°00'05"; S106: RA(1950) = 20^25'"34!o, Dec(1950) = 37°12'52";
DR21(0H): RA(1950) = 2o'^37'"l5!o
,
Dec(1950) = 42°12'08"; DR21:
RA(1950) = 20^37™07'6, Dec(1950) = 42°08'46"; S140: RA(1950) =
22^17'"4l!2, Dec(1950) = 63°03'4l"; Ceph A: RA(1950) = 22''54™19'o,
Dec(1950) = 61°45'47"; NGC7538(N): RA(1950) = 23'^ll'"36"6
,
Dec(1950)
= 61°ll'48"; NGC7538(S): RA(1950) = 23''ll'"36!6
,
Dec(1950) =
61°10'48"; NGC7538(E): RA(1950) = 23'^ll'"53!o
,
Dec(1950) = 61°10'58"
IC443B: RA(1950) = e'^U'lS'O, Dec(1950) = 22°26'50".
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FiKure 4.7 Spectra of the 1 - 1 transition of H So 10 01 ^
towards NGC7538(N), (S) , and (E) at a resolution of 250 kHz
(positions given in Table 4.4).
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TABLE 4.5
Line Parameters for ^^SO (4 - 3 ) and CH OH (9 - 9 El) Lines
Source
T
A
(K)
a
V
LSR
(km s )
AV
- 1(km s )
Vf
T dV
J A
- 1
(K km s )
SO (4 - 3 )
3 3
SgrB2(M) 0 10 ± 04 58.2 9.5 1.0
W49N(0,0) 0 10 ± 03 7.8 7.8 0.8
CH OH
3
(9 - 9 El)
1 0
SgrB2(M) 0 13 ± 05 64.4 12.4 1.7
SgrB2(N) 0 28 ± 07 66.4 9.1 2.6
W51(M/S) 0 25 ± 05 51.4 20.2 3.8
Errors are 1 a.
NOTE. Spectral resolution is 1 MHz.
Rest frequency : SO (4^ - 3^) line: 168.815101 GHz (Hollis et al
1981); CH OH (9 - 9 El) line: 167.93113 GHz (Lovas 1989).
3 1 0
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TABLE 4.6
H^S Column Densities
Source
SgrB2(M)
W51(N)
W51(M/S)
W3(IRS5)
IC443B
N (H S)total 2
(cm )
2 (15)
SgrB2(N) ~ 2 (15)
SgrB2(2N) > 1 (14)
W49N (0,0) 2 (15)
^ 1 (14)
1 (15)
1 (15)
< 6 (13)
Other Sources > 1 (14)
Comments
Applies to both the 50 km s"^ and 80 km s"^
components, which have r(H S) ~ 11 and 7
respectively.
Applies to both the 50 km s"^ and 80 km s"^
components, which have r(H^S) ~ 6 and 7,
respectively
.
Applies to both the 50 km s"^ and 80 km s"^
components. From the H^S line, assuming
7-(H^S) « 1.
^(H^S) ~ 7 at the line center.
Applies to both the 50 km s"^ and 60 km s"^
gaussian fit components. From the H S line
2
assuming '"(H^S) < 1.
r(H^S) ~ 3 at the line center,
r(H^S) ~ 5 at the line center.
With 3a value, AV=20 km s"\ and T = 20K.
rot
Assuming for the H S lines t < I and
T = 20 K. ^
rot
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The SO 4^ - 3^ line and presumably the CH OH 9 - 9 El line
3 1 0
(Paper 2) have been detected in some sources. Line parameters for
both these species are listed in Table 4.5.
4 . 5 Discussi on
We derive H^S total column densities of ~ 10^= en,"' towards
several star- forming regions observed in the H^S and H^'^S lines,
which is about an order of magnitude larger than suggested by
Thaddeus et al
.
(1972), who did not have H^^'s data available. We
find values > lo" cm"' in other sources observed only by the H S
2
line. Although total hydrogen column densities are not certain
toward many of these locations, the fractional abundances of H S
2
relative to may be ~ 0.2 - 1 x lO"^ in Sgr B2 (for N(H ) -0.2 -
24 -2
1 X 10 cm
;
Irvine, Goldsmith, and Hjalmarson 1987; Lis 1989), ~
10"'
-
10"' in W49N and W51(M/S) (N(H^) ~ 1-10 x lo'' cm"'; Scoville
and Solomon 1973), and probably in the range lO"' - lO"^ for other
sources (assuming N(H^) ~ 1-10 x lo'' cm"'; e.g. Evans and Blair
1981; Goldsmith and Mao 1983). However, the H S abundances for
2
these other star- forming regions may be regarded as lower limits
since these values could be increased very much depending on the
source sizes, optical depths, and rotational temperatures.
Most of the star- forming regions observed here have infrared
sources, compact HII regions, radio continuum sources, and maser
sources. The H^S chemistry has been discussed in Paper 1 and 2,
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and the possible grain processes for the formation of H^S could be
also important in the sources discussed here. The H^S ^abundances
in these regions are in between those for quiescent clouds (- lO"^)
,
and the Orion hot core and the plateau (~ lO"^) (Paper 1 and 2).
Therefore, a part of the H^S emission may also come from small, hot,
and dense regions like the Orion hot core or plateau. Higher
spatial resolution observations would be very useful to study H S in
2
these regions.
In the supernova remnant IC443B, we derive an upper limit for
the H^S column density N^^^^^(H^S) < 6 x 10^' cm"^ which may
correspond to a fractional abundance f(H^S) < 6 x lO"' assuming the
column density estimated from other molecules (Ziurys, Snell, and
Dickman 1988). This upper limit is not low enough to determine if
the H^S abundance is significantly enhanced relative to quiescent
cloud values, as is predicted in some models of shock chemistry. A
better upper limit would be useful to discuss this question.
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CHAPTER 5
H^CS ABUNDANCES AND ORTHO
- TO
-
PARA RATIOS IN INTERSTELLAR CLOUDS
5 . 1 Summary
Several H^CS ortho and para transitions have been observed
toward interstellar molecular clouds, including cold, dark clouds
and star forming regions. We derive H^CS fractional abundances
f(H^CS) ~ 1 - 2 X 10 ^ relative to molecular hydrogen towards TMC-1,
Orion A, and NGC7538, and ~ 5 x 10'^° for L134N.
The H^CS ortho -to -para ratios in TMC-1 are -1.8 towards the
cyanopolyyne peak and the ammonia peak, which may indicate the
thermalization of H^CS on 10 K grains. We derive a ratio of ~ 3,
the statistical value, for Orion(3NlE) and NGC7538, while we find a
value ~ 2 for Orion(KL)
.
5 . 2 Introduction
Molecules such as H
,
HO, and H CO, have two distinct states,
2 2 2
depending on the spin of the identical hydrogen nuclei: the para and
the ortho states for anti -parallel and parallel spins, respectively.
Since radiative or collisional conversion from one form to the other
is forbidden, the ortho to para abundance ratio would provide
information on the effective formation temperature of the molecules
80
Lon
if only gas phase processes were important subsequent to formati(
(cf. Kahane et al
.
1984; hereafter KFLEL)
. Usually molecular
formation temperatures are much larger than the energy difference
between ortho and para states, and the corresponding abundance ratio
would be given by the relative statistical weights of the respective
states
.
The ortho-to-para ratio for molecular hydrogen has been studied
in diffuse regions or very hot regions, and the ratios are
considerably different from the statistical value of 3 (e.g. Spitzer
et al. 1973; Dalgarno, Black, and Weisheit 1973; Davis, Larson, and
Smith 1982; Scoville et al
. 1982; Gately et al . 1987; Takayanagi,
Sakimoto, and Onda 1987; Hasegawa et al. 1987). However, molecular
hydrogen, which has no permanent electric dipole moment, is hard to
observe in dense molecular clouds with kinetic temperatures of 10 -
100 K, since its transition probabilities are very small and its
rotational levels have energies much larger than the cloud kinetic
temperature
.
KFLEL have derived H^CO ortho-to-para ratios ~ 3, the
statistical weight value, in Orion A, but they find a ratio -1-2
in the cold cloud TMC-1. Gas-phase interconversion mechanisms
between ortho and para species, such as proton exchange reactions,
are probably too slow to be efficient. However, if thermalization
on grain surfaces is important, the ortho-to-para ratio for grains
at ~ 10 K would be ~ 1.5, while for T > 30 K, it approaches the
statistical value of 3 (KFLEL). Thus, the observations provide
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evidence for gas-grain interactions in cold clouds. The H^CO lines
observed are, however, severely self-absorbed, especially il the
dark clouds.
Thioformaldehyde (H^CS) has been detected in Sgr B2
, Orion A.
and other star
- forming regions (Sinclair et al
. 1973; Cununins
,
Linke, and Thaddeus 1986; Loren 1984; Sutton et al . 1985; Blake et
al. 1987; Liszt 1978), and in the cold dark clouds TMC-1 and L134N
(Irvine et al
. 1989). H CS is similar tr, H rn ^^ ^-/ ii^uo s. o ^LO m its structure and
exists in both ortho and para forms, and H^CS ortho- to-para ratios ~
3 have been derived by Gardener et al . (1985) in Orion(KL)
. H CS
2
may be a better candidate to study the ortho- to-para ratio than
H^CO, especially in cold dark clouds, since the optical depths for
the H CS lines seem to be much less than those of H CO (Irvine et
2
al. 1989). In this Chapter, we report the abundances and ortho-
to-para ratios of H^CS observed in the interstellar molecular
clouds TMC-1, L134N, Orion A, and NGC7538.
5 . 3 Observations
Observations were made using the FCRAO 14 m telescope between
1988 December and 1989 June. Observed H CS line frequencies are
2 ^
included in the note to Table 5.1. Both the FCRAO 3 mm and 2 mm
receivers employed cooled Schottky diode mixers, which gave total
system temperatures, corrected to outside the atmosphere, of 400-600
K for the 100 GHz transitions and 800 - 1000 K for the 140 GHz
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TABLE 5.1
H^CS Line Parameters^
Transition
'^a v^^^ Jx^dV
(km s"') (km s"') (Kkms"')
TMC-1
3 -
03
2
02
0 52 03 0.61 5 7 0. 34
4 -
OA
3
03
0 34 + 07 0.55 5 6 0. 20
"3
-
13
2
12
0 54 + 04 0.55 5 6 0. 32
3 -
12
2
11
0 51 + 04 0.67 5 6 0. 39
4 -
13
3
12
0 16 + 05 0.79 5 7 0 13
L134N
3 -
13
2
12
0 08 + 02 0.61 2 2 0 05
Orion(KL)
3 -
03
2
'
02
0 41 + 02 3.94 8 6 1 62
3 -
13
2
12
0 69 + 06 3.13 8 5 2 17
3 -
12
2
11
0 52 + 05 3.18 7 9 1 67
3 -
21
2
20
0 11 + 02 3.45 7 6 0 39
NGC7538(N)
3 -
03
2
02
0. 18 02 2.99 -57 1 0 .54
3 -
13
2
12
0. 27 03 3.29 -57 1 0 .90
3 -
12
2
11
0. 31 06 2.99 -58 2 0 .92
(Continued on next page)
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TABLE 5.1
(Continued)
Transition T*
^
A AV VLSR jT;dv
(K) (km s ^) (km s ^) (K km s"^)
TMC-I(NHJ
3 -
03
2
02
0.22 ±.05 0.97 5.5 0.23
4 -
OA
3
03
"3 -
13
2
12
0.24 ±.04 0.70 5.7 0. 18
3 -
12
2
11
0.23 ±.06 0.56 5.4 0.14
4 -
13
3
12
L134N(SO)
3 -
13
2
12
< 0.09"^
Orion(3NlE)
3 -
03
2
'
02
0.40 ±.04 1.59 9.4 0.64
3 -
13
2
12
0.53 ±.05 1.70 9.3 0.90
3 -
12
2
11
0.70 ±.10 1. 19 9.4 0.84
3 -
21
2
20
< O.ll'
NGC7538(S)
3 -
03
2
02
0.27 ±.03 3.84 -56.4 1.03
3 -
13
2
12
0.44 ±.04 4.63 -56.4 2.03
3 -
12
2
11
0.43 ±.10 4.78 -57.5 2.08
(Continued on next page)
84
TABLE 5.1
(Continued)
Spectral resolutions are 100 kHz for TMC-1 and L134N. and 250 kHz
for Orion and NGC7538.
Errors are 1 a values.
3 a value
.
d
Contaminated by the 3^^ - 2^^ transition {^u = 0.55 MHz).
NOTE :
Line parameters for TMC-1 have been derived from gaussian fits.
Rest frequency
:
u (3 - 2 ) = 103.040399 GHz; i/ (3 - 2 ) =
101.47753 GHz; u O- 2 ) = 104.616975 GHz; u {1 - 2 ) =
° o 21 20
103.051785 GHz; u (4 - 3 ) = 137.371043 GHz; (4 - 3 ) =o OA 03 13 12^^
139.483466 GHz; i^p^^- 2^^) = 103.051785 GHz (Lovas 1986).
Position: TMC-1: RA(1950) = 4^38'"38!6, Dec(1950) = 25°35'45";
TMC-l(NHp:RA(1950) = 4'^38'"22!o, Dec(1950) = 25°4l'45"; L134N:
RA(1950) = 15'^5l"'30!0, Dec(1950) =
-2°43'3l"; L134N(SO) : RA(1950) =
15^5l'"26!0, Dec(1950) =
-2°43'3l"; Orion(KL) : RA(1950) = 5^32"'47!o,
Dec(1950) = -5°24'23"; Orion(3NlE): RA(1950) = 5^32'"5l!0; Dec(1950)
=
-5°2l'23"; NGC7538(N): RA(1950) = 23^1l'"36'6, Dec(1950) =
61°ll'48"; NGC7538(S): RA(1950) = 23^1l'"36!6; Dec(1950) = 61°lo'48",
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transitions. Data were taken by position switching 30 arc.inutes
in azl„,uth. and spectra were obtained using 256-channel filter banks
with 100 kHz and 250 kHz resolutions. The FUHP beamwidths are 52
and 43 arcseconds, and the antenna beai, efficiencies
, - 0.57 and
B
0.40 at 100 GHz and 149 GHz respectivelv tk^ ^^, i-ebpecc iy. The temperature scale
is given as T^, the beam-chopper-corrected antenna temperature. We
then approximate the radiation temperature T by the main beamR
brightness temperature
= ly,^. The observed line parameters
are given in Table 5 . 1 and sample spectra obtained towards TMC-1 and
Orion(KL) in Figure 5.1. The observed antenna temperatures are
also shown in the rotational diagram in Figure 5.2 for TMC-1 and
Orion A.
5 . 4 Analysis
We have used an LVG statistical equlibrium - radiative transfer
model to calculate the antenna brightness temperatures of the H CS
2
lines. The model is described in Appendix A. Since the
collisional cross-sections for H^CS are not available, we used the
H^CO collisional de-excitation rates (Green et al. 1978) for the
corresponding H^CS levels as a first approximation (Gardener et al.
1985), and the collisional excitation rates have beeen calculated by
assuming detailed balance. The calculations for TMC-1 (kinetic
temperature T ~ 10 K) and Orion(3NlE) (T ~ 20 K) include 16kin kin
levels for ortho-H CS and 15 level for para-H CS up to energy levels
2 2
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Figure 5.1 Sample spectra of H^CS obtained towards TMC-1 and
Orion(KL)
.
Positions given in Table 5.1. Spectral
resolution is 100 kHz for TMC-1 and 250 kHz for Orion(KL)
.
87
88
89
90
70 K above the ground state for each species. Since the
de-excitation rates are not sensitive to kinetic temperatures or AJ
values, we extrapolate the H^CO de-excitation rates up to energy
levels of 300 K to calculate for the Orion compact ridge, which has
"^kin
~ include 60 levels of ortho-H^CS and 49 levels of
para-H^CS in the LVG analysis for Orion(KL)
. Some of the results
are shown in Appendix A.
In Figure 5 . 3 we have shown the calculation results for TMC-1,
where the observed brightness temperatures and 3 o values for each
transition are indicated. It was assumed that the emission from
all of the observed transitions filled the telescope beam. The
shaded region in the left panel of Figure 5.3 is the most probable
region confined by the three ortho transitions. We have obtained
5 6 ~ 3
n(H ) -10 - 10 cm in this analysis, and applied this H volume
2
density to also derive the corresponding para abundance. The H
2
density, however, has been suggested to be 0 . 5 - 1 x 10^ cm"^ for
the whole TMC-1 molecular cloud by Schloerb, Snell, and Young (1983)
5 "3from observations of HC^N lines and < 10 cm by Bujarrabal et al.
(1981) from HC N and HC N data, which is smaller than our result by
3 5
a factor of a few. The difference may result from a scaling factor
of the collisional cross sections for H CS from those of H CO . The
2 2
results from the LVG analysis are included in Table 5.3, together
with the abundances derived by assuming optically thin emission and
a rotational temperature of 5 K (cf. Irvine, Goldsmith, and
Hjalmarson 1987), for comparison. The column densities and
91
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ortho/para ratios found by the two procedures agree quite well.
The results for a second position in this cloud, TMC-l(NHp, have
been calculated in the same way and are also listed in TaL 5.3.
In Figure 5.4 we have shown the LVG model results for
Orion(KL), and the shaded region in the right panel for para
transitions indicates a probable locus for n(H^) and the abundance
parameter. We applied the source size ~ 30", since H^CS is thought
from the V^^^ values to be a constituent of the compact ridge (Blake
et al. 1987). Although the 3^^ - 2^^ transition may be
contaminated by the 3^^ - 2^^ transition (A. ~ 0.6 MHz), the
constant antenna temperature curve for the 3 - 2 transition is21 20
well confined to a small range of the abundance parameter
n(H^CS)/dV/dr, so that the column density of H^CS is well defined
(Figure 5.4). The optical depths and excitation temperatures
derived from the LVG analysis are included in Table 5.2 and the
column densities and abundances in Table 5.3.
The column densities have also been derived by assuming
optically thin emission and a rotational temperature 60 K for both
para and ortho H^CS
.
The rotational diagram in Figure 5.2 gives
^rot
~ 63 K the 3^^ - 2^^ and 3^^ - 2^^ transitions, and we also
obtained T
~ 62 K and 60 K for para and ortho H CS
,
respectively
jto u 2 J ^
from the J = 7 - 6 transition data of Sutton et al . (1985). We
derived column densities by using the 3 - 2 transition for
21 20
para-H^CS and the 3^^ - 2^^ and 3^^ - 2^^ transitions (by averaging
94
95
(eH)u)3oi
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TABLE 5.2
Excitation Temperatures and Optical Depths
Derived from the LVG Analysis
T
kin (K)
= 10
a
20"^
100'
Transition T
e X
(K) Tau T
e X
(K) Tau T
e X
(K) Tau
3
0 3
2
0 2
4.6 0.22 6.2 0.17 79 .4 0.03
4
0 «
3
0 3
4.2 0.12 5.3 0.13 26 .2 0.12
3
1 3
2
12 6.0 0.31 8.5 0.22 63..4 0.09
3
12
2
1
1
5.0 0.31 7.0 0.22 37. 7 0.12
4
1 3
3
1 2
4.1 0.20 5.6 0.21 20. 1 0.34
For TMC-1 data; at n(H^) = 10^ cm \ and n(para-H^CS)/dV/dr = 1.6
X 10 cm ^ (km s ^ pc"^)"^ and n(ortho-H^CS)/dV/dr = 5 x lO'^
cm ^ (km s ^ pc"'^)"\
' For Orion(3NlE) data; at n(Hp = 10= cm \ and n(para-H^CS)/dV/dr
= 1.6 X 10 cm ^ (km s"^ pc'^)"^ and n(ortho-H^CS)/dV/dr = 5 x
10"' cm'' (km s"' pc'')"'.
" For Orion(KL) data; at n(H^) = lo' cm"', and n(para-H^CS)/dV/dr =
10 = cm ' (km s ^ pc'^)"^ and n(ortho-H^CS)/dV/dr = 3 x 10"= cm"'
(km s ^ pc ^) ^.
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TABLE 5.3
H^CS Abundances
Source
(
N(para)
xlO^^ cm'^)
N(ortho)
( xlO^^ cm"^)
N(ortho)
N(para) f(H CS)^2
LVG Model Results
TMC-1 0.54 ± 0.05 0.97 ±0.04 1.8 ± 0.3 2 (-9)
TMC-l(NH^) 0.29 ± 0.04 0.49 ±0.06 1.7 ± 0.4 8 (-10)
Orion(KL) 17 ± 2 30 ± 4 1.8 ± 0.5 2-5 (-9)
Orion(3NlE) 0.73 ± 0.04 2.2 ± 0.3 3.0 ± 0.6 4 (-10)
Results by Assuming Optically Thin Emission
TMC-1 0.85 ± 0.06 1.6 ± 0.2 1.9 ± 0.4 3 (-9)
TMC-1 (NH )
3
0.54 ± 0.12 0.71 ± 0.17 1.3 ± 0.6 1 (-9)
L134N 0.23 ± 0.05
~ 5 (-10)*^
L134N(SO) <0
.26 < 5 (-lO)*"
Orion(KL) 27 ± 13 45 ± 6 1.7 ± 1.0 2-7 (-9)
Orion(3NlE) 0.91 ± 0.09 2.5 ± 0.3 2.8 ± 0.6 5 (-10)
NGC7538(N) 0.86 ± 0.10 2.8 ± 0.4 3.3 ± 0.8 5 (-10)
NGC7538(S) 1.6 ± 0.2 6.3 ± 0.5 3.9 ± 0.8 1 (-9)
Fractional abundance of H^CS relative to . Hydrogen total
22 -2
column densities N(H^) ~ 10 cm for TMC-1 (Irvine eC al . 1987;
(Continued on next page)
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TABLE 5.3
(Continued)
Frlberg and HJalmarson 1989); - 1-3 x lo" cm"' for Orion(KL)
(Johansson et ai. 1984; Blake e. ai . 1987; Irvine. Goldsmith, and
Hjaloarson 1987);
- 0.6-1 x lo" c.^ for Orion(3NlE) (Smith et al.
1979);
- 8.2 X lo'' om"' for L134N (Swade 1987; assuming
18
N(C 0)/N(Hp
- 1.7 X 10-'); . 8 x lo" cm^ for NGC7538(N) and (S)
(Campbell and Thompson 1984)
.
b
Ortho-to-para ratio of 1.5:1 was assumed.
Note: Error values in LVG results are either 1 a values or most
probable regions crossed by the observed brightness temperatures,
while those in results derived by assuming optically thin emission
are 1 o values.; Rotational temperature of 5 K has been assumed for
TMC-1 and L134N, 60 K for Orion(KL)
, and 15 K for Orion(3NlE) to
derive the abundances from the observed integrated antenna
temperatures in the optically thin case.
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le source
Lumn
seem
:oin
their line strengths) for ortho-H^CS. and the results are consistent
with those found from the LVG analysis (see Table 5.3).
For the OrionONlE) position, we have assumed that th.
fills the telescope beam and a kinetic temperature of 20 K (cf.
Goldsmith ec al. 1986; Wilson and Walmsley 1989) for the model
calculation. The optical depths and excitation temperatures
derived from the LVG analysis are included in Table 5 . 2 and col,
densities in Table 5.3. in which we also include the column
densities derived by assuming optically thin emission and a
rotational temperature of 15 K.
The optical depths for the transitions observed in Orion
to be very small, as given in Table 5.2. Abundances derived frc
the LVG analysis for both Orion(KL) and Orion(3NlE) agree quite well
with those derived by assuming optically thin emission (within a
factor of 2), and the ortho- to-para ratios are very similar.
An ortho-H^CS column density in L134N has been derived assuming
optically thin emission and of a rotational temperature of 5 K
(Swade 1987); we assumed an ortho- to-para ratio of 1.5 to derive the
total column density, because our observations were limited to one
transition.
We include in Table 5.3 data for NGC7538(N) and (S) derived
using the optically thin approximation and assuming a rotational
temperature of 20 K (Snell and Wootten 1984). The NGC7538
molecular cloud is a very active star- forming region and shows a
very complicated structure, including OH and H 0 masers,
100
high-velocity outflows and several IR sources (e.g. Wynn-Williams
.
Werner, and Wilson 1974; Werner at al . 1979; Campbell and Thompson
1984; Kameya et al
.
1989; and see referneces therein). The
resolution of our H^CS observations is too poor to discern any
relationships with smaller scale structures.
5.5 Discussion
The cold dark clouds TMC-1 and L134N have similar temperature,
density, and mass, but have some interesting chemical differences.
Carbon-rich species and CS and HCS^ are more prominent in TMC-1 than
in L134N, while SO and SO^ are higher in L134N, which may result
from, for example, different gas phase elemental abundances or from
differing cloud ages (Irvine, Goldsmith, and Hjalmarson 1987).
This pattern is reflected in our present results.
We derive a total column density N(H^CS) ~ 1 - 2 x 10^^ cm"^
for the TMC-1 cyanopolyyne peak and the ammonia peak, which
corresponds to a fractional abundance of H CS relative to H
2 2'
f (H CS) ~ 1 - 2 X 10 ^ for n(H ) ~ 10^^ cm"^ (see references in
2 2
Table 5.3). The H CS abundance in L134N is about a factor of 5
2
less than that in TMC-1. The result for TMC-1 agrees quit well
with the prediction of "pseudo- time -dependent" models (Herbst and
Leung 1986a, b; Millar and Herbst 1989) at the "early time" which
produces best agreement between the model and observations for many
heavier organic molecules. The model predicts a lower H^CS
101
abundance at steady state whirh wrM.iHy iudL , n cn ould be consistent with L134N
being more chemically evolved than TMC-1.
On the other hand. Duley, Millar, and Williams (1980) have
suggested grain surface formation for H^CS and H^S
. and if carbon
abundance is high, H^CS would be expected to form instead of H^S
.
Indeed, the abundances of H^CS have been observed to be high where
those of H^S are low in L134N and TMC-1 (this paper and Minh.
Irvine, and Ziurys 1989).
The initial ortho- to-para ratios are expected to be the
statistical value 3, since gas-phase (or grain- surface) formation
reactions release large reaction heats compared to the energy
difference between the lowest ortho and para states (~ 15 K for H CS
2
and H^CO). We derive instead ~ 1.8 at both the TMC-1 cyanopolyyne
peak and the ammonia peak, which may suggest thermalization on 10 K
grains and hence an efficient interchange between the grains and the
gas phase. Kahane et al
. (1984) derived essentially the same value
for H CO in dark clouds, although the observed lines of H CO are
2
severely self-absorbed, and had to be interpreted with the aid of a
radiative transfer model. It is significant that we confirm their
results for the ortho- to-para ratios in cold dark clouds by using
H^CS lines which are optically thin.
In Orion(KL)
.
we derive an ortho- to-para ratio ~ 2, which is
much smaller than the statistical value 3, while KFLEL derive ~ 3
for H^CO after correcting for the radiative transfer effects.
Gardner et al. (1985) derive ~ 3 in Orion(KL) by using the same H CS
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transitions as we use. Gardener et al .
' s spectra, obtained using
the Bell Lab's 7 . telescope, are fairly different compared to ours
in Figure 5.1, which may result from the different beam sizes
between the two telescopes. The small H^CS ortho- to-para ratio in
the Orion compact ridge cannot be explained by thermalization in the
gas phase or on the grains, because the expected kinetic temperature
for the Orion compact ridge is on the order of 100 K. We have
examined the ortho- to-para ratio with the H^CS J = 7 - 6 transitions
observed in the spectral survey of Sutton et al . (1985) and derived
an ortho-to-para ratio ~ 2.1 from a least square fit of the data,
assuming optically thin emission. These data thus support our
present result. The reason for small values is not certain.
Since the outflow materials from IRc 2 are believed to be
interacting with surrounding quiescent clouds in the compact ridge,
our small ortho-to-para ratio may result from the non- equlibrium
condition of the H^CS excitation. The physical and chemical
conditions for the compact ridge should be studied further.
For the Orion(3NlE) position, if H^CS is thermalized on grains
at ~ 20 K, we expect the ortho-to-para ratio to be ~ 2.7, which is
close to the derived values of 2.8 - 3.0. We derive roughly
~ 3 - 4 for the NGC7538(N) and (S) positions.
We may conclude that the H^CS ortho-to-para ratio is
thermalized at ~ 10 K by gas-grain interactions in cold dark clouds,
while it becomes the statistical value ~ 3 in warmer regions.
These results thus support the idea of exchange of material between
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grain surfaces and the gas phase In at least the cold clouds, which
must Indeed be present to prevent a nearly complete free.e out" of
gas phase molecules during expected cloud life times (e.g. Leger,
Jura, and Omont 1985). It Is curious that so little other evidenc
for this expected phenomenon exists.
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CHAPTER 6
BPPER LIMITS FOR THE ETHYL CYANIDE ABUNDANCES IN TMCl AND L13.N
6 . 1 Sunmiary
We have sought interstellar ethyl cyanide via its 2 - 1
... 02 01trans.t.on towards two cold, dark clouds and report upper li.its of
the total column densities of 3 x 10^^ cm"^ and 2 x 10^^ cm"^ for
TMC-1 and L134N, respectively. These values are lower than
previous limits. We observed the 2^^ - 1^^ transition of vinyl
cyanide previously identified in TMC-1 by Matthews and Sears
(1983b). The detection of vinyl cyanide and the non-detection of
ethyl cyanide in TMC-1 are consistent with gas phase ion-molecule
chemical models, and there is thus no necessity of invoking grain
surface synthesis for vinyl cyanide in cold clouds.
6 . 2 Introduction
Grain surface reactions have been sometimes suggested to play
an important role in the formation of gas-phase interstellar
molecules (e.g. Millar 1982). Although there are a number of
serious uncertainties in the grain surface reaction schemes,
observations between 3 and 12 pm have identified several molecules
in grain mantles (cf
.
Tielens and Allamandola 1987) which are
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typically highly saturated. Large abundances of NH^, HDO. HCN
, and
m the Orion hot core have also been regarded as^an indication
of grain mantle evaporation (Blake at al. 1987; Minh et al
. 1989,
see also Chapter 3).
Irvine and Hjalmarson (1984) and Blake et al. (1987) have
pointed out large abundances of highly saturated molecules such as
ethyl cyanide (CH^CH^CN) and vinyl cyanide (CH^CHCN) in the Orion
hot core, and suggested that they might result from hydrogenation of
HC^N on grain surfaces. Ion-molecule processes leading to the
formation of CH^CT CN are highly endothermic and proceed quite
slowly (Herbst, Adams, and Smith 1983). The hydrogenation of HC N
3
may proceed efficiently on the grain surfaces to form vinyl cyanide
and ethyl cyanide, especially since there is no rearrangement in the
CCCN frame. Blake et al
. suggest that the observed ratios of
[HC^N]/[CH^CHCN] and [HC^N]/[ra CH^CN] in the Orion extended ridge
and the hot core indicate that the hydrogenation process prefers to
saturate any cyanoacetylene deposited on the grain surface
completely
.
A detection of vinyl cyanide in the cold dark cloud TMC-1
(Matthews and Sears 1983) raises an interesting question. If vinyl
cyanide has formed on the grain surfaces by hydrogenation of HC N
and then desorbed to the gas -phase, why has ethyl cyanide not been
detected in TMC-1 ? Grain surface molecules tend to be saturated,
which would lead to an abundance ratio [CH^CH^CN]/[CH^CHCN] > 1 , as
is the case in the Orion hot core. In this Chapter, we report good
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upper limits for the ethyl cyanide abundance in TMC-1 and U34N and
conclude that lon-^olecule reactions „ay explain observed abundances
of vinyl cyanide in cold, dark clouds.
6.3 Observatinnc; and Results
The observations were made in 1989 January, using the 43 m
telescope of the NRAO for the 2^^ - 1^^ transitions of ethyl cyanide
and vinyl cyanide. The half
-power beam width was 1 . 5 arcminutes
,
and the beam efficiency (r,^) 0.40 at the observing frequency of 18
GHz. The temperature scale was determined using a noise diode and
is given in terms of antenna temperature T^. We approximate the
brightness temperature by the main-beam brightness temperature T
MB
'
Which is defined by T^ = Ty r?^
. The maser receiver gave a system
temperature of typically 70 K. The 1024 channel autocorrelation
spectrometer was used with a spectral resolution of 9.8 kHz, and
frequency- switching was employed. The observed line frequencies
and positions are included in the notes of Table 6.1.
The column densities in the last column of Table 6.1 were
determined using the "standard" equation (Irvine, Goldsmith, and
Hjalmarson 1987), assuming statistical relative intensities for the
hyperfine components, optically thin emission, and equilibrium at a
rotational temperature of 5 K for both TMC-1 and L134N (cf. Matthews
and Sears 1983b; Swade 1987). A correction for the cosmic
background radiation has been included. For a Boltzmann population
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TABLE 6.1
A Sununary of Observations^
Molecule Transition
T
A
(mK)
AV V
1LSR
J
(km s ^) (km s"
^) (mK
[T^dV
km s ^
)
N
column
(cm ^)
TMC-1
CH CH CN
3 2
CH CHCN
2
2 -1
0 2 0 1
2 -1
0 2 0 1
F=3-2
F=3-2
2-1
< 14"^
43
29
0.70 5.5
0.39 5.6
— <
26
15
3.4(12)''
6.8(12)
L134N
CH CH CN
3 2
CH CHCN
2
2 -1
0 2 0 1
2 -1
0 2 0 1
F=3-2
F=3-2
< 12^
< 33*^
— <
2.2(12)''
4.2(12)''
* Spectral resolution is 9.8 kHz.
3 o upper limit.
" Z o value and AV = 0.7 km s"'^ were used.
3 cr value and AV = 0 . 5 km s ^ were used.
NOTE.
- Position : TMC-1: RA(1950) = 4^38'"38^6, Dec(1950) =
25°35'45"; L134N: RA(1950) = 15^5r30!0; Dec(1950) = -2°43'31".
Rest frequency : 17.8910 GHz for the CH CH CN (2 - 1 , F = 3 - 2)
3 2 02 01
line (Lovas 1982); 18.966614 GHz and 18.966534 GHz for CH CHCN (2
2 02
- 1^^) F = 3 - 2 and F = 2 - 1, respectively (Gerry, Yamada, and
Winnewisser 1979)
.
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"ler
distribution the total column density in dark clouds is rath
insensitive to the assumed rotational temperature for values in the
range 5 - 10 K (the latter being the approximate kinetic temperature
in these sources)
.
Morever, since the dipole moments and molecular constants of
ethyl cyanide and vinyl cyanide are quite similar (Poynter and
Pickett 1984). we expect that the ratio of these column densities
and hence the upper limit on CH^CH^CN relative to CH^CHCN should be
quite accurate. The abundances ratios of ethyl cyanide and vinyl
cyanide relative to HC^N are listed in Table 6.2 towards TMC-1,
L134N and Orion(KL)
,
including the results of previous publications.
However, the absolute abundances may be slightly affected by
the existence of both a- and b-components of the electric dipole
moment (^) for both ethyl and vinyl cyanide. The existence of
b-type transitions tends to drain the population from states with K
a
> 1 into lower K-ladders, tending to produce a non-equilibrium
population distribution. However, the abundance ratio of these two
species is expected to remain essentially unchanged since both /x
a
and /i are very similar.
b
Matthews and Sears (1983a) obtained an upper limit on the
abundance of CH CH CN (< 5 x 10^^ cm"^) by observing its 1 - 2
3 2 ° 10 11
transition and assuming an LTE population distribution. For the
reasons given in the preceding paragraph, we think their result is
somewhat uncertain since transitions in the K = 1 ladder were used.
a
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TABLE 6.2
Abundance Ratios
[CH CH CN] [CH CHCN] [HC N]
Source L__ ^ 3 ^
[HC^N] [HC^N] [HJ
Reference'
< 0.02 0.05 1 (-8) 1, 2
L134N < 0.4 < 0.8 7 (-10) 3
Orion hot core 6.5 1.0 2 (-9) 2 4
References: (1) Irvine and Schloerb (1984), (2) Irvine et al
.
(1985), (3) Swade (1987), (4) Blake et al
. (1987)
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The vinyl cyanide abundance obtained by Matthews and Sears
(1983b) is about a factor of two less for TMC-1 than that in Table
6.1. The reason for this difference is unclear, but conceivably is
related to the improved efficiency of the 43 m antenna in recent
years (R. Maddalena, private communication).
6 . 4 Discus ST on
The large enhancements of ethyl cyanide and vinyl cyanide in
the Orion hot core relative to the quiescent ridge have been
interpreted as indicating that hydrogenation of HC N on grain
3 °
surfaces must be efficient (Blake eC al. 1987). Although the
gas-phase reactions leading to the formation of HC N are still
3
controversal (Herbst 1988), the large observed abundance of HC N in
3
TMC-1 (Irvine and Schloerb 1984) might be expected to produce large
abundances of vinyl cyanide and ethyl cyanide after "freezing out"
on the grain mantles in TMC-1. Since grain surface molecules tend
to be saturated, ethyl cyanide would probably be more abundant than
vinyl cyanide, and this is the case for the Orion hot core.
Curiously enough, only vinyl cyanide has been detected in TMC-1 (in
the gas phase), and the present upper limit for the ethyl cyanide
abundance is much less than that for the Orion hot core relative to
vinyl cyanide (Table 6.2). Since the molecular weights of ethyl
cyanide and vinyl cyanide are very similar, desorption processes
should not be so different between these two species. Then we may
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have to conclude that the vinyl cyanide observed in TMC-1 has not
formed on grain surfaces,
Millar and Freeman (1984) have suggested that reactions of C^h;
with N followed by dissociative electron recombination could leadM
the formation of vinyl cyanide, and their prediction agrees well
with the observed abundance. But gas
-phase reactions for the
formation of ethyl cyanide are thought to be quite endothermic
(Herbst. Adams, and Smith 1983). Therefore, purely gas-phase
reactions are sufficient to explain the observed abundance of vinyl
cyanide and the failure to detect ethyl cyanide in TMC-1.
Moreover, since HC^N is quite abundant in TMC-1 and would be
expected to stick to grains in cold clouds and be hydrogenated
, it
appears that desorption processes are inefficient in TMC-1, at least
for heavy molecules like CH CH CN and CH CHCN. This result is3 2 2
quite different than that obtained for H CS and H CO, for which the
2 2
ortho/para ratio in dark clouds suggests efficient interchange
between the grains and the gas phase (Minh, Irvine, and Brewer 1989;
Kahane et al
. 1984)
.
112
CHAPTER 7
Le was
OBSERVATIONS OF INTERSTELLAR HOCO^
ABUNDANCE ENHANCEMENTS TOWARDS THE GAU^CTIC CENTER
7 . 1 Summary
A survey of the A^^- 3^^ and 1^^- 0^^ transitions of HOCO^ has
been made toward several molecular clouds. The HOCO^ molecule
not observed in any sources except Sgr B2 and Sgr A. The 5 - 4
05 04
^"^^
^lA " ^13 transitions were also detected toward Sgr B2
. The
results indicate that gas phase CO^ is not a major carbon reservoir
in typical molecular clouds. In Sgr B2
, the HOCO^ antenna
temperature exhibits a peak ~ 2 arcmin north of the Sgr B2 central
position (Sgr B2[M]) and the 4^^ - 3^^ line emission is extended
over a ~ 10' X 10' region. The column density of HOCO^ at the
northern peak in Sgr B2 is ~ 3 x 10^' cm"^ and the fractional
abundance relative to H^ > 3 x 10"'°, which is about two orders of
magnitude greater than recent predictions of quiescent cloud ion-
molecule chemistry.
7.2 Introduction
Herbst et al. (1977) have suggested that the abundances of
molecules which lack permanent electric dipole moments and hence
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rotational transitions in the millimeter spectral region, but which
are important to the chemistry of the interstellar medium, may be
estimated from observations of their protonated ions. An example
of this approach is the investigation of molecular nitrogen from
studies of its protonated form, u/ (Turner and Thaddeus 1977;
Linke, Guelin, and Langer 1983).
The HOCO^ molecule, the protonated form of CO^
, was first
identified in the rich molecular cloud Sgr B2 by Thaddeus, Guelin,
and Linke (1981), who determined the molecular rotational constants
accurately from 3 harmonically related lines. The subsequent
laboratory detection of this molecule by Bogey, Demuynck, and
Destombes (1984) has confirmed this identification and the values of
the rotational constants. The dipole moment of HOCO^ is estimated
to be 2 Debyes (Green et al
. 1976). According to Herbst et al
.
(1977), HOCO can be formed in molecular clouds via a standard
ion-molecule reaction, transfer of a proton from h"" to CO
3 2
Therefore, HOCO^ might be widely distributed in interstellar sources
if CO^ were relatively abundant. Since only ~ 10 % of the cosmic
abundance of carbon is contained in CO (Irvine and Knacke 1988), and
simple hydrocarbons such as CH are even less abundant (Knacke et
al. 1985), CO^ might be an important reservoir of interstellar
carbon, and an observational determination of its abundance in
molecular clouds is quite important.
The HOCO^ ion has heretofore been observed in only one
interstellar cloud, Sgr B2 (Thaddeus, Guelin and Linke 1981;
114
Cununins. Links, and Thaddeus 1986), which is an extremely large
giant molecular cloud with high mass star formation. The 4 - 3
transition of HOCO^ at 85.6 GHz and several higher J transitils
^
were readily detected toward Sgr B2(0H).(No other positions were
observed in the cloud)
.
If the chemical abundances in other clouds
are similar to Sgr B2
,
emission lines of HOCO* should be detectable.
Consequently, we conducted a search for HOCO^ toward a variety of
interstellar sources, and also mapped the 4 - 3 line over S.r04 03 6-^
B2. The results of this study are presented here.
7 . 3 Observation.q
Observations of the 1^^ - 0^^ transition of HOCo" were taken
with the NRAO 43 m telescope and K-band maser during January 1987.
Telescope parameters are included in Table 7.1. The temperature
scale was determined using a noise diode and is given in terms of
antenna temperature T^. The 1024 channel autocorrelation
spectrometer was used, and either frequency - switching or beam -
switching was employed.
Observations of the 4 -3.4 - 3 4 - 3 and 5
OA 03' U 13' 13 12' 05
^OA
t^^J^sitions were made using the FCRAO 14 m telescope between
October 1986 and October 1987. Telescope parameters are included in
Table 7.1. The receiver and spectrometers are described in
Schloerb, Snell and Young (1983). The temperature scale was
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TABLE 7.1
Telescope Parameters
Transition
J - J'
K K K • K '
a c a c
Rest freq,
(GHz)
Telescope HPBW
(arcsec
)
1
0 1
- 0
0 0
21..38280 NRAO 43 m 84 0,.23 0. 29
4
0 4
- 3
0 3
85..53068 FCRAO 14 m 60 0..47 0,
, 56
4
1 A
- 3
13
85..231 FCRAO 14 m 60 0..47 0..56
4
1 3
- 3
1 2
85,,831 FCRAO 14 m 60 0.,47 0.,56
5
0 5
- 4
0 A
106..91301 FCRAO 14 m 48 0 ,44 0.,52
from Bogey, Demuynck, and Destombes (1984)
half power beam width
aperture efficiency
beam efficiency
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determined by the standard chopper wheel method, and is given in
terms of T^. Observations were made by position switching.
Main beam brightness temperature is then defined for both
telescopes by
= T^,^ or
.
where is the beam efficiency.
7 . 4 Results
7.4.1 Galactic Center Region
A study of a number of molecules in Sgr B2 by Goldsmith et
ai. (1987) suggests that the column densities of different species
show major variations between two locations of local maxima: Sgr
B2(M) at RA(1950) = 17'44"l0^5; DEC(1950) = - 28°22'05". and Sgr
B2(N),
~ 45 arcsec north from Sgr B2(M). For example, SO is
strongly peaked near Sgr B2(M) and OCS is concentrated around Sgr
B2(N)
.
In contrast, our observations of HOCO"^ in the 4 - 3
0« 03
transition show a peak at 2 arcmin north from Sgr B2(M), a position
we shall refer to as Sgr B2(2N), with a peak intensity of T** =
A
0.82 K. The spectra observed toward 0, 1, 2, and 3 arcmin north
from Sgr B2(M) are shown in Figure 7.1. In all, we detected HOCO"^
in a region extended over 10' x 10'. The observed line parameters
are given in Table 7.2, which also includes the integrated intensity
of the CH^CCH J = 5 - 4 transition (over all K components),
simultaneously observed. Figure 7.2 shows a velocity versus
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Figure 7.1 Spectra at 85.5 GHz obtained
toward 0
,
1
,
2
,
and
3 arcmin north from Sgr B2(M). Spectral
resolution is 1 MHz
The Sgr B2(M) position is RA(1950) =
17^4-9!5 and Dec(1950)
-28°22'20". The ordinate is corrected antenna
temperature,
The velocity scale assumes the rest
frequency of the
a'
4 - 3 transition of HOCO* (Table 7.1).
OA 03
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TABLE 7.2
Observed Parameters of the 4
01,
transition at Sgr B2
Offset
Aa A5
A
(K)
AV
(km s ^)
LSR
0' 0'^ 0 0 7z / o 63 . 8
0 1 0
. H- O 0 7/C / . ^ 70 . 8
0 2 0 9 A 7
. / 67
. 3
0 3 0 01
. J 60
. 3
0 4 0 25 90z u 1
. 1 60
. 3
0 5 0 1 9 c
. D 53
. 2
0 -1 0 9 "=1
. Z 49
. 7
0 -2 0 . 23 9A Q 60
. 3
0 -3 0 23 1 8J- o 1. 1 46 2
0 -4 0 14 24 7
. / J J z
1 0 0 25 23 2 56 7
1 1 0 33 17 8 60 3
1 2 0 70 23 3 60 2
1 3 0 37 27 9 56 7
-1 0 0 40 33 6 60 2
-1 1 0 51 30 5 67 3
-1 2 0 70 24 3 63 8
-1 3 0. 41 26 2 56 7
2 2 0. 28 21 8 60 3
3 2 0. 21 22. 3 56. 7
4 2 0. 24 17. 3 53. 2
5 2 0. 24 17. 9 49. 7
6 2 0. 13 9. 7 49. 7
-2 2 0. 35 22. 7 60. 3
-3 2 0. 25 21. 4 42. 7
-4 2 0. 25 18. 1 53. 2
-5 2 0. 18 20. 5 56. 7
dV T (CH CCH)dV
A 3
(km s" ) (K km s"') (K km s'
'
)
9.0
13.0
20
12
5
1
5
5
4
3
5
5
16. 3
10.3
13.1
15.7
16.9
10.8
6.2
4
4
4,
1,
7.8
5.5
4.5
3.7
24.7
23.9
20.8
5.9
1.0
3.0
14.0
10.2
7
6
11,
10
17.0
3.7
6.1
9.5
8.5
4
3
5
4,
2,
1.8
2.3
3.0
6.8
2.6
RA(1950) = 17\4"'9'5; DEC(1950) = - 28°22'20"
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declination map along the N-S direction. There appears to be an
increase in the peak velocity around the (2N) position, as well as
an extended weak emission at velocities in the range of 40 - 80 km
-1
^5 " \. transition has been observed toward Sgr B2(M) and
(2N), and also shows an enhancement at the (2N) position; line
parameters are included in Table 7.3. In addition, the 4 - 3
!<* 13
^""^
"^13-^2 transitions of the K^= 1 ladder were searched for at Sgr
B2(M) and (2N)
.
The frequencies of these transitions differ by
only ^ 300 MHz from the 4 - 3 transition The 4 - 3
transition was detected at Sgr B2(2N), and the spectra observed
toward Sgr B2(M) and (2N) are shown in Figure 7.3. The U-line at
85.231 GHz detected by Cummins, Linke
, and Thaddeus (1986) seems to
be the 4^^ - 3^^ transition of HOCo". The 4^^- 3^^ transition was
not detected down to a 3 a limit of T* = 60 mK
A
"^^^
^OA
"
^03 ^05 \a t^^risitions have been observed
toward Sgr A (NH^A)
,
and their line parameters are included in Table
7.3. The 5 - 4 transition seems to be stronger than the 405 04 t>
^03 t^^^sition although the signal-to-noise ratio is not as good.
7.4.2 Other Sources
HOCO* was searched for via its 4 - 3 and 1 - 0
04 03 01 00
transitions toward several other molecular clouds, including active
star formation regions such as Orion A and W51, and cold dark clouds
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TABLE 7.3
A Summary of the HOCO"^ Suirvey
Source R. A. (1950) Decl.(1950) T^^^" Size^
(km s'^) (K) (pc)
W3(0H) 2'^23'"16 !8 61^ 38 57" 6 0 20 1. 0
TMC-1 4 38 38 .6 25 35 45 1 0 6 0. 2
TMC - 2A 4 28 54 .0 0/, 26 27 1 0 6 0. 2
Ori-A(KL)
.
5
' 5
32
32
46
51
«
. o
.0
D
- 5
24
20
25
20
3
2
0
5
25
25
0.
0.
7
7
IC443B 6 14 15 .0 22 26 50 10 0 15 0. 5
NGC2264
. .
.
. 6 38 25 .0 9 32 29 2 0 7 0. 9
L134N 15
15
51
51
32
26
.0
.0
- 2
- 2
40
43
30
31
0
0
5
5
5
5
0.
0.
3
3
P Oph A . . . 16 23 25 .0 -24 15 49 0 6 7 0. 2
p Oph B ... 1 ^. ib / 3 z 5 . 0 -24 20 40 0 4 7 0. 2
W49 19 07 49 .0 9 01 28 15 0 25 3 0
W51 19 21 27 .0 14 24
27
30
30
10
0
0
8
25
10
1
1
5
0B335 19 34 35 .0 7
DR 21(0H) . . 20 37 14 .0 42 12 00 3 0 20 0 9
Cep MC-1 . . 22 54 24 .4 61 45 43 4 5 25 1 .0
NGC7538
.
. . 23 11 37 .0 61 10 00 4 0 20 1 .0
Sgr A 17 42 28 .0 -29 01 30
18
24
.7
3
15 8 .0
Sgr B2(M)
. . 17 44 09 .5 -28 22 20
27
22
3
5
13.2 10 .0
Sgr B2(2N) . 17 44 09 .5 -28 20 20 24
22
7
7
13.4 10 .0
(Continued on next page)
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Source
c
,
d
4 - 3
0 4 0 3
5 - 4
0 5 0 4
W3(0H) < 0.04'
TMC-1 < 0.05'
TMC-2A
.
.
Ori-A(KL)
IC443B
.
NGC2264
.
L134N
. .
.
P Oph A
p Oph B
W49
W51
B335
. .
.
DR 21(0H)
Cep MC-1
.
NGC7538
.
.
Sgr A ....
Sgr B2(M)
Sgr B2(2N)
< O.ll"
< 0.07^
< 0.06'
< O.ll"
< 0.06^
< 0.05'
< 0.04^
< 0.06'
< 0.03^
< 0.03^
< 0.08^
0.08^
0.23*"^
0.33^
0.39^
0.82*
0.71*"^
TABLE 7.3
(Continued)
N(HOCO^)"
0 1 0 0
^
2.3(13)
1.2(14)
2.8(14)
[CO
[CO]
References
< 4 u n 1
. Ui 1, 2
< 0.03 < 4 .3(12")
3
,
4
< 1 2(12) <^
. u i
< 5
.
2(12) U . no 5
— < 3. 7(12) < 0. 01 5
< 0.02 < 5 1(13) < 0 21
< 0.02 < 6 1(12) < 0 01 2, 6,
< 0.04 < 2 8(12) < 0 02 8
< 0.03 < 2 1(12) < 0 01 8
< 0.08 < 9 8(12) < 0 10 2, 6,
< 0.08 < 6 5(12) < 0 07 2, 6,
< 1 9(12) < 0 001 7
< 1 9(12) < 0 001 4
< 0.06 < 7 6(12) < 0 02 10
< 0.02 < 1. 8(12) < 0 01 2, 6.
< 3. 3(12) < 0 01 6
< 0.03 < 6. 3(12) < 0 01 1, 2
0.006
0.02
0.06
10
(Continued on next page)
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TABLE 7.3
(Continued)
c
d
Values of AV and T^^^ are assumed, except AV for Sgr A and Sgr B2
.
^""^
"^rot Which were measured.
Assumed to calculate the volume density of HOCo' for [CO ]/[C0].
Upper limits are 3 o.
"^^^
^4 " ^3 transition except for values indicated by
footnote j
.
" Assumes source fills main beam. Integrated intensities were used
for Sgr A and Sgr B2
.
' [CO]/[HJ ~ 8 X 10"^ was assumed.
* Observed with 1 MHz resolution.
Observed with 100 kHz resolution.
Observed with 250 kHz resolution.
h
1
The 5 - 4 transition,
05 Qk
References.
- (1) Andersson 1985; (2) Snell and Wootten 1979; (3)
Schloerb, Snell, and Young 1983; (4) Askne et al . 1984; (5) Turner
and Thaddeus 1977; (6) Vanden Bout et al . 1983; (7) Scoville and
Solomon 1973; (8) Swade 1987; (9) Gusten, Walmsley, and Pauls 1981;
(10) Irvine, Goldsmith, and Hjalmarson 1987.
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Figure 7.3 Spectra observed at 85.2 GHz (4^^ - 3 ) toward
Sgr B2(M) and (2N)
.
The (0,0) position is given in Figure
7.1. The resolution is 1 MHz.
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such as TMC-1.
other sources.
However, no lines were detected in any of these
A sununary of the observations is given in Table 7.3.
7 . 5 Discussion
7.5.1 Column Densities and Abundances
Values and upper limits of the HOCO'' column density given
Table 7.3 were determined from the following equation, assuming
optically thin emission,
m
N(HOCO ) = 27r 1/ k A7 r / h c f A
R '
where u is the line frequency, f the fractional population in the
upper level of the transition, AV the FWHP linewidth, T the
R
brightness temperature assuming the source fills the main beam, and
A the Einstein spontaneous emission coefficient (cf. Irvine,
Goldsmith, and Hjalmarson 1987). The Einstein A coefficient for
the 4 - 3 was taken to be 1.31 x lO'^ s"'"' (Herbst et al. 1977).
OA 03
Column densities were calculated using the 4 - 3 transition for
^ OA 03
"warm" sources , and 1 - 0 for cold clouds (T < 10 K) with
01 00 kin
the correction term for background radiation, [1-T /T ] ^. The
BG EX
fractional population of the upper level of the transition, f , is
estimated using the asymmetric top partition function of HOCO ,
assuming a Boltzmann distribution. The rotational temperature T^^_^
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is assumed to be equal to that found for other large dipole moment
molecules and is given in the 5th column of Table 7.3. Approximat.
upper limits on the [COJ/[CO] ratio, given in the last column of
Table 7.3, are derived from equation (4) of Herbst ec al
. (1977).
This equation results from balancing the expected major formation
and destruction reactions of HOCO"^:
[COJ/[CO] 7.7 X 10^ [HOCO^] [CO]/[H ],
where the square brackets signify volume density and [CO]/[H ] has
been assumed to be a constant (8 x lO"^) throughout all clouds in
Table 7.2. The volume densities of HOCO* have been calculated from
the assumed source sizes given in column 6 of Table 7.3.
The negative results for HOCO"^ in molecular clouds other than
Sgr B2 and Sgr A are consistent with the small fractional abundance
of HOCO predicted by quiescent ion-molecule gas-phase chemistry.
For example, Herbst and Leung (1986) predict f(HOCO*) ~ lO"^^-
"12 3 -310
,
for a cloud with n ~ 2 x 10 cm and T ~ 10 - 50 K for their
low metal model. They find f(HOCO"*') ~ 6 x lO'^^ for a cloud of n ~
5 -3
4 X 10 cm and T ~ 50 K. In comparison, we derive a fractional
upper limit to the abundance of HOCO^ of f < 4 x lO '^" for TMC-1,
and / < 5 x 10 for Orion(KL) (quiescent component)
,
using values
of N(H^) from Irvine, Goldsmith, and Hjalmarson (1987). Such
limits to the HOCO^ fractional abundances typically imply [CO^]/[CO]
< 0.01-0.1 (see Table 7.3). Thus, CO^ does not appear to be a major
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repository for carbon in molecular clouds (usually in quiescent
clouds about 10 % of the cosmic complement of carbon is in CO
; cf.
van Dishoeck and Black, 1988; Irvine and Knacke
,
1988).
In contrast, towards Sgr B2(2N) the column density of HOCO^ is
about 2.8 X 10^' cm'^ derived from the rotational diagram of Figure
7.4. If we assume N(H^) < 10^' cm"^ (a likely upper limit; D.Lis,
• 18private comm. based on C 0 and 1mm continuum data), then f(HOCO*) >
3 X 10 which is about two orders of magnitude greater than the
predictions of gas-phase ion-molecule chemistry. This abundance
implies a [CO^]/[CO] ratio of > 0.06 using the model of Herbst et
al. (1977). Although quite uncertain, this value is about two
orders of magnitude larger than those estimated from models of
ion-molecule chemistry ([CO^]/[CO] ~ lO"^; Herbst and Leung 1986).
Moreover, the average HOCO'^ column densities over 3x4 arcmin in
Sgr B2 are ~ 1 x lo" cm'^ for T ~ 15 K, which implies that such
ROT
high abundances exist over an extended region. One explanation of
such a high [CO^]/[CO] ratio might be an oxygen to carbon abundance
that is much larger than the "cosmic" value. Another possible
reason might be an increase in the low energy cosmic -ray flux, which
is suggested by Giisten, Walmsley, and Pauls (1981) in the galactic
center region. This would increase the abundance and
3
consequently produce a larger HOCO^ abundance. We note, however,
that the chemical abundances for both neutral and ionized species,
including those containing oxygen and carbon, appear to be fairly
uniform between Sgr B2 and other typical molecular clouds (Irvine,
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Figure 7.4 Rotational diagrams for HOCO^ observed toward Sgr
B2(M), Sgr B2(2N) and Sgr A. In the ordinate (see Irvine,
Goldsmith, and Hjalmarson 1987)
I = [1.94 X 10^ i/^(GHz)/ A^^
g^
r,^] |T*dV(km s'^)
. The
rotational temperature of 13.2 K at Sgr B2(M) is derived from
the 4 - 3 and 5 - 4 transitions, while T = 13.4 K atOA 03 05 OA ' ROT ^-'^
Sgr B2(2N) is the best least square fit including also the
4-3 transition. Error bars are 3 o.
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Goldsmith, and Hjalmarson 1987). This is true for example, for
both CO and tiC0\ as estimated from their ^^0 isotopes.
7.5.2 Excitation versus Chemistry
Could the enhanced HOCo" emission be an effect of excitation
rather than an abundance anomaly ? Indeed, it is interesting that
HOCo' peaks at the 2N position, where HNCO is known to have an
emission maximum (Churchwell et al
. 1986), while most other known
molecules tend to peak further south (Goldsmith et al
. 1987).
HOCO^ is similar in structure to HNCO, both species being slightly
asymmetric tops with comparable a- and b-dipole moments. It has
been suggested by Churchwell et al
. (1986) that HNCO emission in Sgr
B2 is enhanced by far- infrared excitation and subsequent decay via
fast b-type transitions. Perhaps such a mechanism applies to HOCO"^
as well as HNCO at the Sgr B2(N) position, and accounts for their
enhanced emission there. However, at present there is little
evidence for an embedded source at the 2N position, such as a
compact HII region which might heat the dust and supply the
necessary IR radiation (S.N.Vogel, private communication). Also,
if we estimate the dust temperature at Sgr B2(2N) from the observed
flux at ICQ /im (Gatley et al. 1978) and 350 ^im (Righini, Simon, and
Joyce 1976), we find T ~ 16 K, which is not particularly hot.
dust ^
Perhaps the greatest argument against anamolous excitation of
HOCO mimicking an enhanced abundance is the fact that the species
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appears to have quite a high concentration at positions extending
over several arc minutes. As Table 7.2 shows, even at positions
several arc minutes away from Sgr B2(2N) the integrated intensities
do not vary more than a factor of two. Therefore, in order to
invoke excitation as the cause of the enhanced HOCO^ emission in Sgr
B2. a mechanism would have to be found that is fairly general and
could occur over extended regions. Infrared excitation is thus
unlikely, although some collisional process might conceivably be
possible. It is therefore most probable that the large column
density of HOCo" in Sgr B2 is a result of chemistry. Why the
physical and chemical conditions favor the production of this ion in
this source
,
and not in other sources, is unknown. Further
studies of HOCO^ are certainly necessary in order to answer this
question.
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CHAPTER 8
ABUNDANCES AND CHEMISTRY OF INTERSTELLAR HOCO^
8
. 1 Sununary
We derive HOCO^ column densities ~ 10^= cm"^ towards the
Galactic center and ^ 10^ cm^ for cold dark clouds using a
statistical equlibrium and LVG model. A map of HOCO^ in its 4
3^3 transition has been obtained toward neutral gas clouds in Sg^ A.
The fractional abundance of HOCO^ in the Galactic center region is
found to be about three orders of magnitude larger than that
predicted by quiescent ion-molecule chemistry and about an order of
magnitude larger than predicted by a MHD shock model. If HOCO^
traces interstellar CO^
,
the implied high abundance ([COJ ~ [CO])
in the Galactic center may result from the UV photolysis of grain
mantles
.
8 . 2 Introduction
The HOCO molecule, the protonated form of CO
,
has been
2
suggested as a tracer of interstellar CO^ (Herbst et al. 1977).
Although CO^ is conceivably an important carbon and oxygen reservoir
in the dense interstellar medium, determination of its abundance by
radio astronomical techniques is hindered by its lack of a permanent
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electric dipole moment. Searches for interstellar HOCO^ have been
made by Thaddeus
.
Guelin. and Linke (1981) and Minh. Irvine, and
Ziurys (1988; Paper 1; Chapter 7). HOCO^ has been detected only in
the Galactic center region and appears to have quite a high
concentration at positions extending over several arcminutes in Sgr
B2. The large column density of HOCo" in Sgr B2 may be a result of
chemistry which is peculiar to the Galactic center (Paper 1). In
this Chapter we report the results of observations of HOCo" toward
the Sgr A molecular cloud complex, derive HOCO^ abundances using an
LVG model for Sgr A and the sources in Paper 1, and discuss the
chemical implications.
8 . 3 Observations and Results for Sgr A
Data for the 4 - 3 and 5 - 4 transitions of HOCO^ were
(Jo 05 OA
obtained in 1988 June with the Swedish-ESO 15 m diameter
submillimeter wavelength telescope (SEST) on La Silla in the Chilean
Andes. A cryogenic Schottky diode mixer receiver with a quasi-
optical beam transporting system was employed. The relevant
telescope parameters and the system temperatures are included in
Table 8.1. Spectra were detected with the wide band acousto - optic
spectrometer of 0.69 MHz resolution and 728 channels. Since
molecular line emission observed toward Sgr A is well confined and
elongated along the Galactic plane, data were obtained by double
beam switching with the beam separation being approximately 12' on
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TABLE 8.1
Telescope Parameters at SEST ^
Parameters 86 GHz 110 GHz
Aperture Efficiency 0.63 ± 0.04 0.58 ± 0.04
Main Beam Efficiency 0.73 ± 0.04 0.68 ± 0.04
HPBW (arcsec) 55.6 ± 1 43.5 ± 1
System Temperature (K SSB)**
~ 340
~ 380
From Booth eC al
. (1989).
From present observations.
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the sky. The basic calibration was accomplished by the standard
chopper wheel method, which provides the antenna temperature, T*.
corrected for atmospheric attenuation and certain telescope losLs.
We then approximate the radiation temperature T by the main beamR
brightness temperature T = T*/n wherp n ic t-v.^ o ^
MB a^^b' ^"^^^ IS the antenna main
beam efficiency.
The Sgr A region shows a complicated structure in both ionized
and neutral gas, and is reviewed in detail by Oort (1977) and Brown
and Liszt (1984). The Sgr A molecular complex is composed of
several "condensations" of masses greater than 10= (Armstrong and
Barrett 1984). Although these "condensations" appear to be
related, the geometry and dynamics are still controversal (Brown and
Liszt 1984)
.
The molecular abundances and chemistry of the Sgr A
region, however, have not been as well characterized as those of the
Sgr B2 molecular cloud complex. The total column density toward
the Sgr A molecular complex is about a factor of 10 less than that
toward the Sgr B2 complex.
A map of T for the HOCO 4 - 3 transition was obtained on
" 04 03
a 1' grid, totaling 150 points which are indicated as dots beneath
the contour map in Figure 8.1a. Figure 8.1b shows the
corresponding integrated intensity map, and Figure 8.1c shows the
velocity contours of the HOCO"^ 4 - 3 transition, superimposed on
OA 03 ' f f
its integrated intensity map. The 5 - 4 transition was
05 04
observed towards the cores of each condensation. The general
structure of the HOCO^ clouds is quite similar to that of NH
^ 3
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(Gusten. Walmsley, and Pauls 1981). The clouds M-0. 13-0.08 and
M-0.02-0.07 seem to be merging or overlapped in the line of sight,
as is also shown in the velocity map of Figure 8.1c. The region of
positive longitudes shows a fairly uniform velocity in the range 40
- 50 km s \ while the negative longitude region shows an apparent
velocity gradient from V^^^ ~ 10 km s"^ to ~ 50 km s"^ along the
Galactic plane.
In Table 8.2, we summarize the HOCO^ observations towards the
cores of the condensations observed in ammonia by Gusten, Walrasley,
and Pauls (1981) (see Figure 8.1b). Data towards the condensation
M-0. 13-0.08 are given at the location of the strongest emission of
the HOCO 4^^ - 3^^ transition, which is offset (Al, Ab) = (1.4',
0.4') from the nominal position implied by the name.
8.4 Excitation of HOCO
"^
We have used an LVG model to solve the statistical equilibrium
and radiative transfer equations for HOCO^ . The model is described
in Appendix A. HOCO^ is an asymmetric top with a ground
electronic state. It has both a- and b-components of its electric
dipole moment (molecular constants are given in Bogey, Demuynck, and
Destombes 1984) . We included in the calculation a total of 72
levels up to energies of ~ 200 K above the ground state in the K =
a
0, 1, and 2 ladders. We have used HNCO collisional de - excitation
rates (S. Green, private communication) for those of HOCO* as a
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Position
Freq .
^
*
T
A Jl^dV V ^ AVpeak
(GHz) (K) (K km s"^) (km s ^) (km s"^)
M-0. 13-0.08
M-0.02-0.07
M 0.06-0.04
M 0.07-0.08
M 0.10-0.01
M 0.11-0.08
M 0.25+0.01
oD 0
. 39 +
.02
106 0 .34 +
.03
Q ^OD 0
. 26 +
.05
0
. 23 + .02
85 0 .13 +
.05
106 0,.12 .02
85 0.,27 ,06
106 0,,18 ,02
85 0. 18 05
106 0. 11 +
_ 02
85 0. 29 06
106 0. 25 02
85 0. 22 04
106 0. 23 02
8.2 18 17
D . D 21 18
6.3 45 24
6.0 50 0/.
2.3 45 15
1.1 50 9
6.1 50 25
3.8 48 20
3.9 47 19
2.6 46 20
5.9 45 19
5.8 48 22
5.0 33 25
5.0 36 21
At the cores of each condensation.
b
Spectral resolution is 0.69 MHz.
85. 53068 GHz for the 4
04 ^03 ^^^"sition and 106.91336 GHz for
^05 " \a ^^^"sition (Bogey, Demuynck, and Destombes 1984)
1 o uncertainty.
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ar
es are
first approximation, since HOCO^ and HNCO have similar molecul
constants and structures. The collisional de-excitation rat
fairly insensitive to kinetic temperature and AJ . The HNCO
excitation has been modelled in Sgr B2 by Churchwell et al
. (1986).
and we might expect that the general features of the HOCo"
excitation would be similar to that for HNCO. Our main purpose for
the LVG analysis is to check the effect of the fast b-type
transitions and background radiation on the excitation of HOCO^
this should allow us to calculate its abundance more accurately that
was done in Paper 1. which assumed optically thin emission and a
Boltzmann population distribution. In Figure 8.2, we have shown
fractional abundances for each J level in the K =0 ladder for
a
several Boltzmann distributions and for the LVG analysis results.
The fast b-type transitions drain the populations in K > 1 levels
a
to the = 0 ladder, and consequently enhance the populations of
the = 0 ladder. This enhancement of K = 0 ladder populations
may partly result in the extended emission of the HOCO"^ 4 - 3
OA 03
transition observed towards Sgr B2 and Sgr A.
In Figure 8.3, we have plotted the antenna brightness
temperature (T ) , the optical depth (Tau) , and the excitation
R
temperature (T^^) as functions of the apparent background radiation
temperature (T ) , as calculated from the LVG model for the 4
rad OA
3 and 5 - 4 transitions. T ~ T for n(H ) < 10^ cm'^
03 05 OA ex rad 2
and T > T > T for n(H ) > lo'' cm'^, as shown in the bottom
kin ex rad 2
panel of Figure 8.3. The antenna temperatures for the K = 0
a
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Figure 8.3 Sample of the LVG analysis results for the
antenna brightness temperature (T ) for the two observed HOCO"^
R
transitions, the optical depth (Tau) , and the excitation
temperature (T^^)
,
as functions of the apparent background
radiation temperature (T ) .
rad
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ladder transitions decrease quickly as T^^^ increases (upper panel
of Figure 8.3). because the excitation temperatures between the K
ladders equilibrate to T^^^, which increases the populations in thl
> 1 ladders, as was discussed by Churchwell et al
. (1986). and
the antenna brightness temperature is proportional to the difference
between the excitation temperature and the background radiation
temperature
.
Churchwell et al
.
(1986) suggest that the strength of the HNCO
lines observed in the center of Sgr B2 can be explained best if the
excitation includes the effect of a 10 K radiation field with a beam
filling factor
~ 0.8 and a 70 K field with a beam filling factor of
-0.2, which results in 15 % of the total HNCO column density in K
a
> 1 ladders (see discussion in the reference). We also apply a 10
K radiation field but with a beam filling factor 1 in the HOCO^ LVG
analysis for Sgr B2(M) and (2N)
. If a 70 K radiation field with a
beam filling factor 0.2 is included for the model of Sgr B2(M), then
the column density is expected to increase by ~ 10 % . In Sgr A,
the infrared surface brightness intensities peak around Sgr A (West)
at 30 nm, show a double -lobed structure at 50 ^m and 100 /jm
(Becklin, Gatley. and Werner 1982), and peak at the center of
M-0. 13-0.08 at 540 /xm (Hildebrant et al . 1979). Therefore, hot
grains (T ~ 40 K; Gatley et al
. (1977); Dent et al . (1982))dust \ / /
dominate around Sgr A (West), while the neutral gas clouds which we
have observed may be more closely related to relatively cool dust
grains. We derive a dust color temperature of ~ 20 K at the center
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;nces
of M-0.13-0.08 from 100 and 540 data (the energy differe.
corresponding to the inter-ladder b-type transitions are AE(K= 0-1)
a
~ 390 and AE(K^= 1-2) - 130 ^m)
. The apparent radiation
temperature depends on the actual energy density of the region,
which is less than the grain color temperature, and we assume an
apparent radiation temperature of 10 K as a lower limit for Sgr A
(M-0.13-0.08). Constant brightness temperature curves calculated
from the LVG model for the Galactic center sources are shown in
Figure 8.4a to c for the observed antenna temperatures of the 4 -
OA
^03 ^""^ ^05
^OA
transitions and corresponding 3 a values.
Similar curves corresponding to the observed upper limits for the
^1 °oo ^""^ ^4 " ^3 transitions for TMC-1 (3 a) are indicated in
Figure 8.4d.
We have used kinectic temperatures of 50 K and 10 K for the
Galactic center clouds and for the cold dark clouds, respectively.
Churchwell and Mollis (1983) derive an almost constant kinetic
temperature T^.^ ~ 50 K across Sgr B2 with CH^CCH data. In Sgr A,
Gusten, Walmsley, and Pauls (1981) derive T ~ 50 - 120 K while
kin '
Morris eC al
.
(1983) derive T ~ 30 - 60 K, using NH lines. Thekin ° 3
HOCO LVG analysis shows that the excitation is dominated by
radiation processes not collisional processes, and we also use T
~ 50 K for Sgr A. T ~ 10 K may be a typical value for cold.kin ^ J IT .
dark clouds (Irvine, Goldsmith, and Hjalmarson 1987), and we use
this value for TMC-1 and L134N in the LVG analysis.
kin
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Since our two observed transitions typically do not well
constrain both n(H^) and the abundance of HOCO^ in the sources
studied, we pick a range of values for n(Hp based on data for other
molecules. The density distribution of the Sgr B2 molecular cloud
has been modelled recently by Lis (1989), who derives n(Hp ^ 6 x
10^ cm-^ for the core component at the center with a radial exponent
-2, which gives n(Hp 4 x 10^ cm"^ at 2 arcminute north. m Sgr
A (M-0.13-0.08). n(Hp
. 1 x 10^ cm^ has been derived from the H^CO
analysis by Gusten and Henkel (1983), and ~ 0.2 - 1 x 10^ cm"' from
virial masses by Armstrong and Barrett (1987). We use n(H )
0.5-5 X lo' cm"' for Sgr B2(M), and 1-5 x 10^ cm"' for Sgr B2(2N)
and the core of M-0.13-0.08, the peak position for the 4 - 3
03
transition observed in Sgr A. For the cold dark clouds TMC-1 and
L134N, we use the maximum upper limits determined from the 3 a
values for the two observed HOCO^ transitions, 4 - 3 and 1 -
04 03 01
(see Figure 8.4d). The calculated results are normalized to a
velocity gradient dV/dr = 1 km s"' pc"\ and the abundances derived
from this LVG analysis are given in Table 8.3. Note that the Sgr A
position in Table 8 . 3 is the peak of the HOCO^ 4 - 3 emission
04 03
(offset (AI, Ab) = (1.4', 0.4') from the nominal position of
13-0.08), while that in Paper 1 is offset ~ 2' from this peak
osition toward Sgr A(West)
. The HOCO^ column density in Sgr A has
been increased by a factor of ~ 50 relative to that in Paper 1,
which results from the difference in line intensity between the two
M-0
P
158
TABLE 8.3
Abundances of HOCO^
Source NCHOCO"*")
(cm )
dV/dr
(km s"'pc"')"'
[HOCO + , c [HOCO + , d [CO
[HCO' [CO]
SgrA 0 .3--1.0 (15) 4(-10) 8( -9) 3 1
SgrB2(2N) 0,.9-3.1 (15) 5(-10) 4( -9) 4 0,,6
SgrB2(M) > 1..4 (14) > 4(-12) ^ 1( -10) > 0.1 > 0. 3
TMC-1 < 1.,1 (12)
^ K -10) ^ l(-2) < 3(-2)
L134N < 1. 0 (12) < 1( -10) ^ l(-2) < 3(-2)
Numbers in parentheses are powers of 10.
^ For Sgr A at the peak position of the HOCO^ 4 - 3 emission-
O't 03
Offset (Al.Ab) = (1.4', 0.4') from the core of the M-0.13-0.08
condensation
; Other positions given in Paper 1.
b
^Fractional abundance of HOCO divided by velocity gradient,
derived by the LVG analysis.
' SgrA: N(H^) ~ 7.8 x lo'' cm"' (from N("cO) ~ 2.7 x lo'' cm'' at
the core of M-0.13-0.08 (Armstrong and Barrett 1987), [ ^'co ] / [ ^^CO ]
~ 23 (Penzias 1980), and [^'cO]/[H ] ~ 8 x lO"^)
;
Sgr B2(M): N(H ) ~
2 2
1.3 X 10 cm (Lis 1989); SgrB2(2N): N(H ) ~ 5.0 x lo'^ cm ' (from
2
(Continued on next page)
159
TABLE 8.3
(Continued)
C 0: Lis 1989); TMC-1- NCH ^ ~ 1 v 10^^ r^^'^ •/, J.. iN(,n^; ~ i X iu cm (Iirvine et al
. 1987;
Friberg and Hjalmarson 1989); L134N: N(H^) ~ 8.2 x 10^^ cm"' (Swade
1987)
.
' SgrA: N(HCO^)
- 2.8 x 10^^ cm"^ (at the core of M-0.13-0.08 from
the unpublished data of Hc'V of Minh and Irvine, and
[HC0"]/[h'W]
~ 23); SgrB2(M): N(HCo") ~ 1.3 x lo" cm"^ (from the
unpublished HC'V data of Minh and Irvine, assuming [HCo']/ [Hc'V]
~ 230); SgrB2(2N): N(HCo") ~ 4.7 x 10^^ cm-' (same as for SgrB2(M));
TMC-1 and L134N: N(HCo") ~ 8 x 10^' cm' (Irvine, Goldsmith, and
Hjalmarson 1987)
.
^ From the equation of Herbst et al
. (1977) (see also Paper 1).
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observed positions (about a factor of 5) and the Inclusion of th
background radiation effect (about a factor of 10).
8 . 5 Discussi nn
8.5.1 HOCO "" Abundances
We derive fractional abundances of HOCO^ relative to H of
^ 2
f(HOCO
) > 1 X 10"^ in the Galactic center, which is about three
orders of magnitude greater than predicted by quiescent ion-molecule
gas-phase chemistry (Herbst and Leung 1986). The non-detection of
HOCO" in the "typical" molecular clouds outside the Galactic center
(Paper 1) may indicate that the HOCO^ chemistry in the Galactic
center is unique, although better rms values should be obtained for
other sources
.
If the Galactic center environment produces an unusual
chemistry, this may be particularly prominent in Sgr A. The
distribution of HOCO^ looks quite similar to that of NH (Gusten
3
'
Walmsley, and Pauls 1981) and HNCO (Armstrong and Barrett 1984).
The fractional abundances of HOCO"^ in Sgr A appear to be in the
range 1-10 x 10 ^ relative to H
,
for values of n(H ) derived from
2 2
13 18
the N( CO + C 0) map of Armstrong and Barrett (1984) (assuming
[^^C0]/["C0] ~ 23 (Penzias 1980); [C0]/[HJ ~ 8 x lO"^) , with the
largest values (~ lO'^) for the centers of M-0. 13-0.08 (Table 8.3)
and M 0.11-0.08. In the third column of Table 8 . 3 we include
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f(HOCO^)/cA;/.r values derived in the .odel calculations. If .e
apply an estimated source size 7 - 10 pc for M-0. 13-0.08 fro.
Figure
8.^1) and the HOCO^ line width 17 ^ s^)
,
we obtain dV/,
~ 2 Ion pc-\ which gives f(HOCO^) . 10^. Although this value
is about a factor of 10 less than that found by comparing the col
density of HOCO^ with the column density derived fro. other
molecular data, it is still in the range we mentioned above. The
model calculations, moreover, employ a simplfied radiative transfer
analysis (cf. Irvine ec al. 1985). and the actual dV/dr in the
region is quite uncertain; in addition, there may be an uncertain
scaling factor in the collisional cross sections of HOCO^ which were
assumed to be the same as those of HNCO. Therefore we believe the
fractional abundance derived by comparing the column density with
other molecular data is more reliable than that found from the in
situ HOCO^ abundance in the model calculations.
Since upper limits for the HOCO^ abundance in the cold dark
clouds TMC-1 and L134N are much larger than the abundance predicted
by quiescent ion-molecule chemistry (e.g. Herbst and Leung 1986). it
is difficult to test the chemical models for HOCO^ However, the
fractional abundances for cold dark clouds are less by about a
factor of 10 than those for the Galactic center clouds. Therefore,
we expect that the formation processes of HOCO^ must be efficient in
the Galactic center region.
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8.5.2 Chemistry related to HOCO^
Herbst et al
.
(1977) have suggested that HOCO^ trac<
interstellar CO^. and using major formation and destructi.
processes suggested that an abundance ratio [HOCo"]/[co ] ~ lo'^
(Herd. Adams, and Smith 1989) would be typical in moledlar clouds.
This implies a high abundance of CO^ in the Galactic center.
Pineau des Forets, Roueff, and Flower (1989; hereafter PRF)
,
however, suggested that the endothermic reaction HCO^ + can form
HOCO' in MHD shocks; in this case, HOCo" does not trace CO
2
The chemical abundances in a shocked region largely depend on
the initial abundances and shock conditions. The abundance ratios
of [H0C0"]/[HC0"] and [COJ/[CO] are increased in the MHD shock
model of PRF relative to preshock values by four and three orders of
magnitude, respectively, (to ~ 0.1 for both ratios), by adding the
reaction HCo" + 0^ ^ HOCo" +0. The observed abundance ratio of
[HOCO^]/[HCO^] in the Galactic center clouds is, however, about an
order of magnitude larger still (Table 8.3). In addition, the
HOCO 4^^ - 3^^ line has been observed to be fairly extended in Sgr
B2 (Paper 1) and Sgr A (Figure 8.1). Although shocks may be
prevalent in the Galactic center, it is not certain that the whole
neutral gas complex has been in MHD shocks, which occupy relatively
thin slabs (linear dimension < 0.2 pc
;
PRF). Therefore it may be
difficult to explain the overall HOCO"^ abundance throughout the
Galactic center clouds as a result of MHD shocks.
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Another possible pathway for the formation of CO^ is grain
surface reactions. Grain- surface reactions alone form primarily
simple, saturated hydrides, but UV photolysis may convert these into
various other components. H^O ice is the most abundant molecule in
grain mantles, and UV photolysis of H^O has been suggested to lead
to the formation of CO^
,
H^CO, and CH^OH by reaction between
photolysis products and neighboring simple species such as CO (cf
.
Tielens and Allamandola 1987; and see references therein), which
itself has been identified as a major constituent in grain mantles
(> 20 % of H^O toward NGC7538/IRS9 and Elias 16; see references in
Grim and Greenberg 1987). This conjecture is supported by
laboratory data: When a mixture of CO and H^O is irradiated by UV
radiation, an observable amount of CO^ is formed (Greenberg 1989).
Inside a dense and quiescent cloud, this process may not be
important because of a lack of UV photons, but in typical
star- forming regions UV photons generated by newly formed stars
could both process icy mantle material and warm up the grains to a
high temperature, resulting in the evaporation of the grain mantles.
In a region like the hot core component of Orion(KL)
,
grain- related
processes induced by radiative heating from the luminous IRc 2 are
prominent, but the high density and temperature of the hot core
leads to a low fractional ionization, which results in very
inefficient ion-molecule chemistry (Blake et al . 1987). Since
HOCO^ forms mainly by the ion-molecule reaction between and CO
,
3 2
it is not certain whether the non-detection of HOCO^ toward
164
Orlon(KL, (Paper 1) Indicate, a s.aU » abundance or Inefficient
lon-«lecule chemistry of the region. m the Galactic center,
however, the strong activities and shocks can generate a large
abundance of UV photons in the extended region, which .ay result in
effective UV photolysis of grain
.antles and, consequently, a large
abundance of CO^ and hence of HOCO* In the extended region.
The grain surface chemical models are still in a formative
stage, and UV photolysis processing is quite uncertain, partly
because the UV photon density is not well known. Here we simply
suggest an alternate route to explain the putative TO abundance and
consequently the HOCO* abundance in the Galactic center. The
gas-phase reactions leading to formation of HOCo' and CO should
2
also be studied further.
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CHAPTER 9
CONCLUSIONS
9 . 1 Summary
We have carried out radio observations for the interstellar
molecules H^S
,
H^CS
,
ethyl cyanide (CH^CH^CN)
,
and HOCO^ the
chemistry of which might be related to grain processes, either
directly or indirectly. Abundances of these species and chemical
Implications for gas phase processes and grain- related processes
have been discussed in each chapter, and here we summarize the
conclusions.
In Chapters 2 - 4, we report the results for H S observed
2
towards the cold dark clouds L134N and TMC-1 (Chapter 2), OMC-1
(Chapter 3), and other star-forming regions (Chapter 4). The
fractional abundances of H^S have been observed to be ~ lO"^
relative to towards L134N and quiescent warm clouds such as the
Orion extended ridge, and ~ lO'® - lO'^ towards several active
star- forming regions. On the other hand, its abundance is enhanced
by a factor of 1000 in the Orion hot core and the plateau. We
conclude that H^S may be evaporating from the grain mantles in the
hot core. Even in the cold dark clouds, gas phase reactions may
not be able to produce the observed abundances, so that grain
surface reactions may be ultimately responsible for the gas phase
166
gas
m
H,S abundance.. p., ,Hese reasons H^s .ay be a good candidate to
trace grain processes.
our results for H^CS ortho-to-para ratios (Chapter 5) and ethyl
cyanide abundances (Chapter 6) „ay contradict each other concerning
the role of grains In dark cloud chemistry. The ortho-to-para
ratio of
- 1.8 for H^CS In TMC-1 seems to Indicate thermalUatlon on
- 10 K grain surfaces and Imply continuous Interactions between
and grains: I.e. continuous adsorption and desorptlon. On the
other hand, the upper limit on the abundance of ethyl cyanide
TMC-1 may suggest that desorptlon processes are quite Inefficient In
cold dark clouds and the hydrogenatlon of HC^N on grain surfaces
does not affect the gas phase abundances. Perhaps the difference
between these results Is related to the larger molecular weight of
CH^CH^CN relative to H^CS
,
and a consequent lower desorptlon
probability.
In Chapters 7 and 8
,
we have presented the results for HOCo".
We derive HOCO^ fractional abundances ~ lO"' - lO'' relative to
molecular hydrogen towards the Galactic center sources Sgr A and Sgr
B2, which are about three orders of magnitude larger than those
predicted by quiescent ion-molecule chemistry and about an order of
magnitude larger than predicted by a MHD shock model. If HOCO^
traces interstellar CO^, the high abundance of the latter ([CO ] ~
[CO]) in the Galactic center may result from the UV photolysis of
grain mantles. On the other hand, the HOCO^ 4 - 3 line has not
OA 03
been detected in our survey of other Galactic sources. Therefore,
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gas phase CO^ seems not to be an in^portant carbon and oxygen
reservoir in typical molecular clouds.
Quite recently d'Hendecourt and Muizon (1989) have claimed the
discovery of interstellar carbon dioxide (CO^ towards three
infrared stars and suggested again the usage of HOCO^ as a tracer of
CO^. Our results for HOCO^ in the Galactic center and other
molecular clouds could give some constraints on the grain surface
chemistry for the formation of CO
2
9.2 Implications for Interstell Chemistry
The role of grains in interstellar chemistry has been often
de-emphasized, except as a catalyst for the formation of H
2
molecules, largely because of the reasonable agreement between
observational abundances and gas
-phase calculations, at least for
simple molecules (Irvine ec al. 1985; Irvine and Knacke 1989).
Although grain chemistry is highly uncertain compared with gas phase
chemistry, and the grains constitute only about 1 % by mass of
molecular clouds, the elements heavier than helium may exist in
grains with comparable to or even greater abundances than the
amounts in the gas phase, at least for certain elements (Irvine and
Knacke 1989). Moreover, several molecules have been identified in
grain mantles directly by infrared spectroscopy towards protostars
embedded in molecular clouds (e.g. Hagen, Allamandola, and Greenberg
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las some
e
1980: Wilner 1984; Lacy e. .1. 1984). H^o and CO. for example,
have been identified in both the interstellar gas and solid phases
Infrared spectroscopy of interstellar grains, however, h
limitations, because solid state spectra are not yet availabl
except for a few simple molecules studied in the laboratory, becaus
the interpretation of the broad spectral features attributed to
interstellar grains is controversal
, and above all. because
observable sources are limited to a few protostars deeply embedded
in molecular clouds. While radio observations of interstellar
molecules identified clearly through their rotational spectra have
many advantages compared to infrared spectroscopy, they are limited
to gas phase species and there are few such molecules which trace
purely grain processes. Consequently, there have been very few
radio observations which clearly support grain processes. Our
radio observations of interstellar molecules mentioned in previous
chapters may be useful in this connection.
Our results for H S suggest that we may include H S as a
^ 2
candidate for production by grain surface processes. Although
desorption should have to occur even in cold dark clouds to preserve
the gas phase component, there has been little prior evidence for
this phenomenon. However, the abundance of H^S in quiescent clouds
could be explained easily by grain surface formation followed by the
desorption of the species, and the very high abundances in the Orion
hot core and plateau strongly suggest evaporation of grain mantles.
Our results for the H^CS ortho/para ratios also suggest an efficient
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exchange of material between grain surfaces and the gas phase in
cold dark clouds. On the other hand, the upper li.its for the
ethyl cyanide abundance
.ay indicate a lower desorption probability
in cold dark clouds, at least for heavy molecules like CH^CH^CN and
CH^CHCN. Finally, we expect our HOCO^ observations may giv!
indirect evidence for energetic grain surface processes as well as
some constraints on the gas phase chemistry.
We conclude that radio observations may be very useful for the
study not only of gas phase processes but also of grain- related
processes. They may at least give some constraints on highly
uncertain grain processes, including accretion and desorption,
surface reactions, evaporation of grain mantles, UV processing of
grain mantles, and grain disruption by shocks. The understanding
of interstellar grains would be increased most rapidly by carrying
out studies of infrared spectroscopy, laboratory experiments, and
radio observations simultaneously.
9 . 3 Future Observations
We plan to study H^S further with higher angular resolution and
sensitivity towards various types of sources, especially towards a
region like Orion(KL) where the H^S source sizes are estimated to be
~ 3" and ~ 7" for the hot core and the plateau, respectively. A
map of the H^S emission in Sgr B2 would reveal whether there exist
actually two different velocity components as was suggested by H S
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and „;'s line.. This s.udy could be Interesting If „^s traces
active regions Inside a dense molecular cloud.
The distributions of H^s and H^CS in cold dark clouds could be
useful for studing abundance gradients within such clouds.
Moreover, the H^CS lines In the 3 » region appear to be optically
thin in .ost cases, and ortho-to-para ratios could be measured in a
larger source sample as well as In several positions in a cloud.
This ratio could also be measured using other molecules such as H S
and H CCO. ^
2
Better upper limits for the abundances of HDS in Orion(KL)
, of
H^S in IC443B. and of HOCO^ in molecular clouds outside the Galactic
center would sharpen the arguments for their chemistry. Especially
since interstellar CO^ has been tentatively identified towards a few
protostars (d' Hendecourt and Muizon 1989), HOCo" observations
towards these sources would be useful for studying its chemistry.
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APPENDIX A
Statistical Equilibrium and LVG Models
A.l Cloud Model
The cloud model includes two coupled equations, the equations
of statistical equilibrium and the equation of radiative transfer.
The population of the energy levels of a molecule is determined by
the statistical equilibrium equations, while the radiative transfer
equation determines the radiation field inside the cloud, which is
necessary to determine the radiative rates in the statistical
equilibrium equations, and the emergent intensity from the cloud.
In statistical equilibrium, the rate of transitions that
populate an energy level i is exactly balanced by the rate of
transitions that depopulate the ith level. For a k- level molecule
there are k equations of the form.
. y R. . = y n R ,1 i:- ij L. j ji
J j
where n and n are the populations of the ith (E ) and ith (E )
levels, respectively. R is the rate of any transition that
changes the molecule's excitation from the ith level to the j th
level. With E > E the transition rates are given by
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"ir Einstein radiative rate coefficients. J is
the Intensity of the radiation field, c^^ the coUlsion rate
coefficients, and n the space density of coUlslon partners. If
the transitions are optically thin and the only contlnuu. background
is the cosmic black-body radiation, the radiation Intensity J can be
approximated by a black-body at T^^ - 2.7 K. However. If the
transitions are optically thick, we have to solve the equation of
radiative transfer to determine the radiation intensity at each
point
.
The radiative transfer equation is more difficult to solve, but
it is simplfied considerably in the presence of systematic motion
(Sobolev 1960; Castor 1970; Goldreich and Kwan 1974; Scoville and
Solomon 1974; deJong, Chu, and Dalgarno 1975). If the velocity
gradient is sufficiently large, an emitted photon travels a short
distance compared with the cloud size before it is a Doppler width
away from the velocity of the local material. The LVG
approximation is valid for a cloud of radius R characterized by a
local random motion AV^ of thermal or nonthermal origin if the
velocity gradient dV/dr satisfies,
AV / dV/dr < R .
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A velocity gradient of ^ I ^ 3- pc^ easily satisfies this
relation for darU clouds (Snell 1981)
. LVC approximation
the .ean intensity of the radiation field at any point is determined
by the local conditions at that point, which fix the local source
function and the escape probability of a photon fro. the cloud. We
consider here a spherically sy^etric cloud with a velocity field of
V
= a-r
.
The input parameters necessary for the models to be
considered here are the density, the kinetic temperature, and the
molecular abundance of interest relative to H^. The model
solutions then give the line intensity, the optical depth, and the
excitation temperature for the transitions included in the models.
The input parameter values used for the models of H^CS and HOCo' are
given in the following section.
A. 2 Results for H CS
2
—
We used the H^CO collisional de-excitation rates (Green et al
.
1978) for the corresponding H CS levels since those for H CS are not
2
available, and collisional excitation rates have been calculated by
assuming detailed balance. LVG models have been calculated for
kinetic temperatures of 10 K (TMC-1), 20 K (Orion 3N1E)
, and 100 K
(Orion KL)
.
The input value ranges for the H density and the H CS
2 2
fractional abundance relative to are n(H^) = 10^'^ - 10^ cm^ and
~ 5 5 - 13f(H CS) =10-10
,
respectively. The calculations for T
^ kin
~ 10 K and 20 K include 16 levels for ortho-H CS and 15 levels for
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para-H^CS up to energy levels 70 K above the ground state, while for
\in " -"-^^ ^' ^^^e extrapolated the H^CO collisional
de-excitation rates up to energy levels of 300 K (the collisional
de-excitation rates are not sensitive to kinetic temperatures or AJ
values) and included 60 levels of ortho-H^CS and 49 levels of
para-H^CS. We have carried out calculations using a velocity
gradient dV/dr = 1 km s"' pc"' but since the quantity of
significance in the calculations is the total column density divided
by the line width, N(H^CS)/AV (= n(H^CS)/dV/dr)
,
we have shown the
calculation results as a function of n(H^CS)/dV/dr
. The results
are shown in Figures A.l to A. 3.
A. 3 Results for HOCO"*"
We used the HNCO collisional de-excitation rates (S. Green,
private communication ) for the corresponding HOCO"^ levels since
those for HOCO"^ are not available and both HOCO'*'and HNCO have
similar molecular constants and structures. The collisional
excitation rates have been calculated by assuming detailed balance.
We include a total of 72 levels up to energies of 200 K above the
ground state in the K =0, 1, and 2 ladders, and calculate for five
a
different kintic temperatures (10 - 50 K) and for five different
apparent background radiation temperatures (2.7 - 40 K) . The
apparent background radiation temperature is the temperature
inferred from the background radiation intensity observed at the
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point concerned In the LVG models. LVG model, have been
calculated for each kinetic temperature and background radiation
temperature, and the Input values of the density, n(Hp . 10= = .
10' cm', and the HOCO* fractional abundance relative to H
, f(HOCO*)
-
•
We have carried out calculations using a
velocity gradient dV/dr = 1 s^ pc^. For the same reason we
mentioned above for H^CS
,
we have shown the calculation results as a
function of n(HOCO^)/dV/dr (= N(HOCO^)/AV)
.
and some of them are
illustrated in Figures A. 4 to A. 6.
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Figure A. la - c Excitation temperature (T ) versus
ex
log(n(H^CS)/dV/dr) for n(H^) = 1 x 10^ cm"^ Transitions
indicated in the figures. (a) for T = 10 K. (b) for
kin
T = 20 K. (c) for T = 100 K.
kin kin
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Figure A.2a
- c Optical depth (Tau) versus
log(n(H^CS)/dV/dr) for n(Hp = 1 x 10= cm-^ Transitions
indicated in the figures. (a) for T = 10 K (b) forkin ^ '
'^kin
= T = 100 K.
" kin
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Figure A. 3a - f Constant antenna temperature curves.
Contour levels are indicated in the figures. (a), (c)
,
and
(e) for para transitions for T = 10, 20, and 100 Kkin '
respectively. (b)
,
(d)
, and (f) for ortho transitions for
Tj^.^ =10, 20, and 100 K, respectively.
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Figure A. 5a - b Optical depth (Tau) versus
log(n(HOCO^)/dV/dr) for n(H ) = 3.2 x lo' cm"'. (a) for T
2 kin
= 10 K and T = 2.7 K. (b) for T = 50 K and T = 10 K
"8 kin bg
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Figure A. 4a - b Excitation temperature (T ) versus
ex
log(n(HOCO'*')/dV/dr) for the volumn density n(H^) = 3.2 x lo''
-3
cm
.
(a) for the kinetic temperature T = 10 K and the
kin
background temperature T = 2.7 K. (b) for T = 50 K
kin
and T = 10 K.
bg
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Figure A. 6a - d Constant antenna temperature curves.
Contour levels (K) are indicated in the figures. (a) for the
^01 ' ^00 '^^^"sition for T^.^ = 10 K and T^^ = 2 . 7 K
. (b)
\, - \, - \,> 4^^ - 3^^ transitions for
'^kin
"
^
"^bg
^' transitions as in
(b) for T^.^ = 50 K and T^^ = 10 K. (d) for same transitions
as in (b) for T = 50 K and T = 20 K.kin bg
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APPENDIX B
Abundances of Molecules in the Sgr A Cloud Complex
m
OA
Data were obtained in 1988 June with the Swedish-ESO 15
telescope in Chile, together with the observations of the HOCO^ 4
^3 ^05 ' \, transitions described in Chapter 8. Telescope
parameters are given in Table 8 . 1 and observing methods in § 8 . 3
.
Observed molecules, transitions, and rest frequencies are included
in Table B.l. and observed line parameters toward the cores of
condensations in Sgr A (see Figure 8.1) are included in Table B.2.
Each condensation is labeled A - G for convenience, as indicated in
Table B.2. The Cloud A/S position is offset (A2
.
Afa) = (1.4',
0.4') from the nominal position implied by M-0. 13-0.08 (Cloud A).
Sample spectra are shown in Figure B.l. including the HOCo" lines.
The column densities were determined from the following
equation, assuming optically thin emission and neglecting any
background radiation
:
N (cm^) = 2 n k AV T / h cf Amolecule U '
where v is the line frequency, Al/ the FWHP line width, T the
R
brightness temperature assuming the source fills the main beam, f
the fractional population in the upper level of the transition, and
A the Einstein spontaneous emission coefficient.
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the
To derive the total colu„,n density of HCO, „e used
normalized theoretical relative intensities of 42 : 25
:
25 • 8 for
(J-3/2-1/2 F=2-l) :(J-3/2.1/2 F=l-0)
: (^-1/2-1/2 F=l-1)
:
(J=l/2-l/2 F=1.0) (Schenewerk, Snyder, and HJal.arson 1986).
Methyl acetylene (CH^CCH) has been observed via its J=5-4 and
6-5 transitions. However, since the K = 0, 1, and 2 components
overlap with each other, we fit to gaussians by assuming the same
\sR component. The gaussian fit results are given in
Table B.3. Rotation temperatures of CCH have been derived from
the rotation diagrams in Figure B.2. Askne et al. (1984) have
suggested that methyl acetylene Is an excellent kinetic temperature
probe and a simple rotation diagram can be used to determine the
kinetic temperature.
The molecular abundances have been calculated by assuming
and an LTE population distribution. We have used the rotation
diagrams for CH^CCH to derive its column densities and assumed T
F
= 50 K for CCS since both species have similar electric dipole
moments of less than 1 Debye (see Table B.l). We used T = 20 K
ROT
for other molecules in Table B.l, whose electric dipole moments are
greater than 1 Debye. We did not derive the column density for
methanol because of its probable non-Boltzmann excitation. The
calculated abundances for molecules are given in Table B.4 toward
each core. In Table B.5 we list the fractional abundances relative
to for the molecules observed in Sgr A, with those for TMC-1 and
Sgr B2 from the tabulation of Irvine, Goldsmith, and Hjalmarson
ROT
ROT
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(1987) for comparison. The molecular hydrogen column densities
were derived from N("cO) for each position from the map of
Armstrong and Barrett (1984) assuming (C01/[»C01 = 23 and (COl/IH 1
= 10 (Penzias 1980)
.
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TABLE B.l
Observed Molecules in Sgr A
1 - 0
1 - 0
HCO
HCS^
1
0 1
2
- 0
"
0 0
- 1
ocs 7 - 6
C H
3 2
SiO
2
12
2
- 1
0 1
1
2 9„ . ^SiO 2 - 1
HC N
5
32 - 31
CH OH
3
HCOOH
CH CH OH
3 2
3 -
1
4
1 A
6
0 6
4 A^
0
3
1 3
5
1 5
CH CCH
3
5 - 4 K=0
K=l
K=2
K=3
K=4
5 K=0
K=l
K=2
K=3
K=4
86.75429
85.16226
86.67082
85.34790
85.13911
85.33889
86.84700
85.75913
85.20135
107.01385
86.54613
85.26547
85.45730
85.45567
85.45077
85.44260
85.43117
102.54798
102.54602
102.54014
102.53035
102.49902
4.48
4.48
1.36
1.86
0. 72
3.30
3.10
3.10
4.33
0.89
1.40
1.44
0.75
From the tabulation of Lovas (1986).
From the table of Blake et al . (1987).
For the J = 3/2 - 1/2, F = 2 - 1 transition.
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Figure B.l Sample spectra obtained toward the core of
M-0.13-0.08. I-bars indicate the observed antenna
temperature scale of each spectrum. The spectrum of CH^OH
reversed in this figure for ease of presentation (the line
actually in absorption) . The spectra have a resolution of
0.69 MHz.
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Molecule
Line Parameters
(Transition)
TABLE B.2
for the Observed Transitions
T
A
(K) (K km s
T^dV
M-0.13-0.08 (Cloud A)
V
LSR
(km s
H CO (1 • 0) 0 .41 10 .4 9 .1
HC 0 (1 0) 0 .11 2 .3 10 .9
HCO
- 0 )^
0 0
0 .09 1 .0 7
nr'c
^
(2 1) 0 .16 1 .7 13 .2
OCS 0
. 60 10 .4 12 .1
C H
3 2
(2
0 1
0 . 74 15
. 9 1 ci J . 2
SiO
2 9
(2 1) 1 .10 30 .5 7 . 8
SiO (2 -• 1) 0 .19 4 .3 8 . 7
HC N
5
(32 -• 31) 0 .11 1 .8 12 .2
CH OH
3
4 a"")
0
-0
.15 -2
.5 9 .6
HCOOH < 0 .06
CH CH OH
3 2
(6
0 6
0 .20 3 .2 10 .7
M-0.,13-0.08 1
H CO (1 - 0) 0 .56 12,.4 18 .6
HC 0 (1 - 0) 0,.10 1,.7 20 .6
rlCU 0 )
0 0
0.,05 1..0 19 .0
(2 - 1) 0,,15 1.,7 27,.4
OCS (7 - 6) 0.,64 13
.
4 /,
C H
3 2
(2
1 2
0. 68 13.,4 19.,4
SiO (2 - 1) 1. 71 40. 2 15.,0
2 9
SiO (2 - 1) 0. 21 3. 5 20. 8
HC N
5
(32 - 31) 0. 10 2. 0 15. 0
CH OH
3
4 A^)
0
-0. 14 -2. 2 23. 1
HCOOH 0. 11 2. 2 23. 3
CH CH OH
3 2 - 5, = )
0. 22 3. 3 18. 0
(Continued on next page)
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TABLE B.2
(Continued)
Molecule (Transition) A
(K)
jT^dV
(K km s"^)
V
LSR
M-0.02-0.07 (Cloud B)
(km s )
H^'CO' 0 . 38 11. 2 47.1
HC'^O" 0
. 10 1. 8 54.5
HCO (1
0 0
U
. 04 0..1 49.5
HCS^ (2 - ) U . -JZ 4
,
. 3 51.5
OCS (7 - 6) 0
. 50 12 % ^0
. 1
C H
3 2
(2
1 2
0 .45 13..1 51.4
SiO
2 9
SiO
(2 - 1) 1 .44 46,.4 41.2
(2 - 1) 0 .20 5,,6 47.3
HC N
5
(32 - 31) 0 .08 1,.4 46.7
CH OH
3
4 A )
0
-0
.12
-2,
.3 44.2
HCOOH (4 -
1 4
0 .05 1 .0 47.4
CH CH OH
3 2
(6
0 6
0 .16 3 .9 47.1
M 0..06-0.04 (Cloud C)
H^'CO^ (1 - 0) 0 .17 9 /. / 0
HC^^O" (1 - 0) < 0 .05
HCO
0 1
0 )
0 0
< 0 .04
HCS"^ (2 - 1) 0 .09 0 .8 46.6
OCS (7 - 6) 0 .18 3 .4 46.1
C H
3 2
(2
12
0 .20 4 .0 49.0
SiO (2 - 1) 0 .58 11 .4 41.2
'^SiO (2 - 1) < 0 .05
HC N
5
(32 - 31) 0 .06 0 .8 50.5
CH OH
3
- 4 A^)
0
-0
.09 -1 .6 42.3
HCOOH (S. - < 0 .05
CH CH OH
3 2
0 .08 1,.8 47.1
(Continued on next page)
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TABLE B.2
(Continued)
Molecule (Transition) TA
(K)
iT^dV
(K km s"^)
M 0.07-0.08 (Cloud D)
M 0.10-0.01 (Cloud E)
LSR
(km s )
n OU (1 - 0) 0..42 11.2 47.0
rlL. 0 (1 - 0) 0,.07 1.0 53.5
urn / 1
0 )
0 0
< 0,.06 —
____
HC<^
*
o - 1) 0,.11 1.6 56.7
DCS (7 - 6) 0,.29 5 .
1
ju
. y
C H
3 2
(2 -
12 0,.38 8.8 56.3
SiO
2 9
SiO
(2 - 1) 1..00 28.1 48.3
(2 - 1) 0,.18 2.4 44.9
HC N
5
(32 - 31) 0,.05 0.7 46.0
CH OH
3
4 A^)
0
-0.
.18
-2.5 46.2
HCOOH < 0..05
CH CH OH
3 2
0..10 1.8 54.3
H^^CO^ (1 - 0) 0 .26 4.7 44.8
HC'V (1 0) 0 .06 1.1 41.4
HCO 0 )
0 0
< 0 .04
HCS"^ (2 - 1) 0,.17 1.8 48.0
OCS (7 -• 6) 0 .23 4.8 48.5
C H
3 2
(2 -
1
2
0,.23 6.3 53.9
SiO (2 - 1) 0..70 12.9 48.3
SiO (2 - 1) 0.,10 1.5 41.6
HC N
5
(32 - 31) 0.,06 0.8 43.6
CH OH
3
4 A^)
0
-0. 18 -2.5 46.2
HCOOH (S. 3 )1
3
< 0. 06
CH CH OH (6_ - 5, ) 0. 14 1.9 44.6
0 6 1 5
(Continued on next page)
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TABLE B.2
Molecule (Transition) TA
(K) (K km s
T^dV
M 0.11-0.08 (Cloud F)
LSR
(km s ^
)
HCO
HCS^
CCS
C H
3 2
SiO
2 9^SiO
HC N
5
CH OH
3
HCOOH
CH CH OH
3 2
(1 - 0) 0,.49 11.
. 5 q
(1 - 0) 0,.12 1..5 46
.
. 6
- 0 )
0 0
0,.07 0..7 55.
. 1
(2 - 1) 0,.16 1..5 58 .4
(7 - 6) 0.,50 11,.9 50.,9
(2 -
12 ^i> 0..36 7,.2 58,.7
(2 - 1) 1,,47 44..8 53,.1
(2 - 1) 0.,24 5..6 49,.7
(32 - 31) 0.,10 1..6 48,.5
4 A^)
-0. 13
-3.,1 42,.3
0. 08 1.,0 54,.6
0. 15 3.,2 49,.5
M 0.25+0.01 (Cloud G)
H^^CO^ (1 - 0) 0 .22 5 .6 35. 2
HC^^O^ (1 - 0) 0 .06 0 .8 37. 1
HCO
^^1 - 0 )0 0 < 0,.05
HCS"^ (2 - 1) 0,.08 1 .5 36. 0
OCS (7 - 6) 0,.15 5 .9 36. 7
C H
3 2
(2
12 ^i> 0,.19 7 .5 39. 4
SiO (2 - 1) 0..52 19 .0 31. 6
'^SiO (2 - 1) 0.,12 1 .6 31. 7
HC N
5
(32 - 31) 0. 09 0,.6 19. 7
CH OH
3
4 A^)
0
0. 17 -3,.4 25. 0
HCOOH 0. 09 1.,1 39. 0
CH CH OH (6
3 2 0 6
0. 10 2. 0 42. 5
For J = 3/2 - 1/2, F = 2 - 1. NOTE .
-
Upper limits are 3 a.
Spectral resolution is 0.69 MHz and the typical rms value is -20 mK.
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TABLE B.3
Gaussian Fit Parameters for CH CCH
3
Transition
Cloud A
T
A
(K)
AV
(km s ^)
Cloud A/S
T
A
(K)
Cloud B
AV
(km s ^)
A
(K)
AV
(km s ^)
J=5-4 K=0 0 .16 18 .8 0. 11 20. 6 0,.14 19. 7
K=l 0 .15 11 .5 0. 10 17. 0 0,.15 24. 9
v~oi\=Z U
. 12 16
. 0 0. 07 15. 4 0 .09 16. 9
U .06 21
. 8 0. 08 17. 0 0 .08 20. 4
K=4 0 .04 19 .2 u
,
04 17. 0 0 .04 14. 6
J=6-5 K=0 0 .19 17 .2 0. 16 23. 7 0 .18 20. 9
K=l 0 .13 19 .0 0. 18 14. 7 0 .16 21.,1
K=2 0 .09 16 .6 0. 09 14. 6 0 .13 17.,7
K=3 0 .09 15 .0 0. 10 15. o8 0 .11 18.,0
K=4 <0 .02 0. 03 9. L) 0 .05 16,,9
Cloud C Cloud D Cloud E
iransition
T
A
AV T
A
AV T
A
AV
(K) (km : (K) (km s ) (K) (km s -Is)
J=5-4 K=0 0 .05 16 .3 0. 07 23. 1 0 .07 17,,9
K=l 0 .07 10 .7 0. 10 15. 6 0 .06 25,,1
K=2 0,,02 14 .8 0. 05 14. 7 0 .09 14 ,5
K=3 0,.04 19 .5 0. 05 18. 5 0 .07 18 .8
K=4 0,.02 10 .2 <0. 02 0 .05 16 .0
J=6-5 K=0 0,,06 17 .2 0. 11 15. 7 0 .08 20 .5
K=l 0.,07 15 .0 0. 12 13. 9 0 .10 17 .0
K=2 0. 04 10 .3 0. 08 13. 1 0 .07 19,, 7
K=3 0. 05 13 .0 0. 10 10. 6 0 .05 21,,5
K=4 0. 02 10,.0 0. 03 14. 3 <0 .02
(Continued on next page)
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Transition
T
A
(K)
TABLE B.3
(Continued)
Cloud F
AV
(km s ^)
Cloud G
AV
J=5-4 K=0 U 1 A
. iU 25
. 2 0,,14 21.4
K=l AU A O 19
,
.4 0.,14 16.1
K=2 0 .08 14,.6 0. 08 18
.
8
K=3 0,.07 17..9 0. 11 15.9
K=4 0.,03 13..1 <0. 02
J=6-5 K=0 0..11 18.,6 0. 15 21.7
K=l 0,,10 14.
, 5 0. 16 21.4
K=2 0. 06 15. 8 0. 12 12.2
K=3 0. 10 19. 3 0. 10 15.0
K=4 0. 03 14. 2 0. 03 14.2
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Figure B.2 Rotation diagrams for CH^CCH J = 5 . 4 and 6
transitions obtained at the center of each Cloud. Data a
listed in Table B.3 and error bars indicate 3 a values.
I in the ordinate is I =
[3k (J+1) S(I,0) / Stt' V / {(J+1)' - k') S(I,K)] Jl^dV / ,7
and see the notation in Mollis et al . (1981).
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TABLE B.4
Column Densities of Observed Molecules (
1
Cloud
Molecule '
A/S B C D E F G
H^'CO" 2(13) 2(13) 7(12) 2(13) 7(12) 2(13) 9(12)
HC^V 3(12) 3(12) <2(12) 2(12) 2(12) 2(12) 1(12)
HCO 9(13) 6(13) <8(13) <1(14) ^7(13) 6(13) <9(13)
HCS"" 2(13) 4(13) 8(12) 2(13) 2(13) 2(13) 2(13)
OCS 2(15) 2(15) 6(14) 9(14) 9(14) 2(15) 1(15)
C H
3 2
2(14) 2(14) 6(13) 1(14) 9(13) 1(14) 1(14)
SiO 1(14) 2(14) 4(13) 1(14) 5(13) 2(14) 7(13)
^^SiO 2(13) 3(13) ^5(12) 1(13) 7(12) 3(13) 7(12)
HC N
5
8(13) 6(13) 3(13) 3(13) 3(13) 7(13) 3(13)
CH CCH
3
1(15) 2(15) 6(14) 1(15) 1(15) 2(15) 2(15)
HCOOH 2(14) 1(14) ^1(14) <1(14) <1(14) 1(14) 1(14)
CH CH OH
3 2
9(14) 1(15) 5(14) 5(14) 5(14) 9(14) 5(14)
NOTE. - Numbers in parenthe ses are powers of 10. Positions given
in Table B.2. Assumes optically thin emission and Boltzmann
population distributions.
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TABLE B.5
Comparison of Fractional Abundances relative to i ixj X c u. J. d I. nyQ JTO PGTl
Molecule Sgr A Sgr B2 TMC-1
HCO'' 8 (-9) 1 (-8)
3 (-10)
3 (-11)
HCO 1 (-9 )
HCS^ 2 (-10) 2 (-10) 6 (-10)
OCS 2 (-8) 1 (-8) 2 (-9)
C H
3 2
9 \^ ) 1 (-9) 2 (-8)
SiO 2 (-9) 4 (-10) ^ 5 (-12)
^^SiO 3 (-10) — —
HC N
5
5 (-10) 4 (-10) 3 (-9)
CH CCH
3
2 (-8) 4 (-9) 6 (-9)
HCOOH 1 (-9) 2 (-9)
CH CH OH
3 2
1 (-8) 3 (-9)
NOTE.- Numbers in parentheses are powers of 10. Data for Sgr B2
and TMC-1 were adopted from the table of Irvine
,
Goldsmith, and
Hjalmarson (1987)
.
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